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Ground movements during deep excavation construction need to be carefully controlled, 
particularly in built-up areas. Excessive ground movements can affect serviceability, and 
in the worst case, cause failure of adjacent buildings. Hence, ground movements are 
routinely predicted in the design process and are monitored during excavation. Recently, 
the Reliability-Based Design (RBD) of deep excavation has been developed as an 
alternative design approach, which is perhaps the most rational and consistent approach. 
Presently, empirical equations, semi-empirical equations or closed-form analytical 
equations are normally required in the serviceability RBD approach for estimating the 
excavation-induced ground movements. However, its associated uncertainties are 
necessary in the RBD analysis and need to be quantified. 
In this study, an updated database on excavation-induced ground movement from 
previous studies was investigated and summarized. Prior to the model uncertainty 
quantification, the most accurate method of ground movement prediction is required to be 
identified. The accuracy of various prediction methods were examined using measured 
data. The comparison results show that, the Mobilized Strength Design method (MSD) 
seems to provide the most reasonable fit to the measured deflections. However, the 
accuracy of MSD is affected by the input parameters which were not included in the 
prediction method. These input parameters are excavation width (B), depth of hard 
stratum underneath the excavation base (T) and retaining wall stiffness (EwI). The effects 
vii 
 
of each design parameters on the accuracy of MSD method were further investigated 
during the parametric study. Therefore, the range of input parameters that MSD method 
is believed to provide the most reasonable fit to the measured deflections can be obtained. 
The lumped model errors calibrated using real field data were formerly evaluated. 
The estimation of lumped model errors using field data implies that, correction on the 
maximum lateral wall deflection (δhm) using linear function method provides the most 
reasonable approach. Using the values of predicted maximum lateral wall movement 
[(δhm)MSD] as the predictor provides the highest values of coefficient of determination 
(R2). However, using the measured data alone may not be enough, since uncertainties 
arising from different input parameters are difficult to define from limited number of 
measured data. Therefore, the model errors or bias factors arising from different input 
parameters were quantified using artificial data generated from FE analysis. The other 
important bias factors could be easily added to the proposed probabilistic model, if they 
are found to be significant. Model validation using both field and FE data shows that, the 
proposed probabilistic model is useful. Finally, a reasonable framework for quantifying 
the model errors and uncertainties of the selected ground movement prediction method 
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Presently, limit state design (LSD) or load and resistance factor design (LRFD) is the 
design method widely used in the field of geotechnical engineering. LSD is normally 
divided into two types: the ultimate limit state design (ULS) and the serviceability limit 
state design (SLS). In the ULS design procedure, the level of load produced in each 
structure members should be kept lower than the design peak strength. In other words, the 
structures must not collapse under the design loading. SLS designs are associated with 
the function of the structures while it is subjected to routine loading. To satisfy the SLS 
design criteria, the structure members should not cause occupants discomfort or deflect 
greater than the design values under the design loading. Besides that, the uncertainties in 
the design soil properties and the geotechnical calculation models should not be 
overlooked by the designers since they are common in nature. To deal with these 
uncertainties, the geotechnical engineers may ignore it, be conservative, performing 
observational method or quantify the uncertainty (Christian 2004). The latter led to the 
developments of reliability-based design (RBD) approach. While “ignoring uncertainty” 
seems to be risky and “being conservative” usually results in expensive design, the 
2 
 
approach of “quantifying uncertainty” probably provides the most reasonable and 
consistent design outcome. The approach may be considered as an extension from the 
observational method that incorporates the probability theory in the design approach. In 
this case, the probability of the building collapse or the probability of its deflection 
exceeding the tolerable limit can be identified. Therefore, the engineering judgments on 
“risk of structures failure” can be quantified and standardized.   
  A risk-based approach has been also adopted to assess the influence of these 
uncertainties in deep excavation designs. Beside the stability of deep excavations, the 
movements of ground in and around the excavation are normally a major concern in the 
design procedures. Excessive ground movement induced by deep excavations can 
seriously damage adjacent buildings and utilities. Hence, the risk of failure should be 
investigated using the available RBD framework before the excavation starts or during 
the design period. The RBD framework for deep excavation developed recently is given 
in the following section. 
 
1.2 Previous studies on reliability-based design in deep 
excavation 
 
The recent development in reliability concept for deep excavation design is mostly 
emphasized on assessing the ULS of structure (e.g. stability, excavation base heave and 
bending failure of sheet pile). However, the reliability assessment of ground movement 
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induced by deep excavation is still limited. One of the first papers that assess the 
reliability theory into the serviceability performance of the retaining wall systems is the 
study performed by Goh et al. (2005). In their analysis, the First-Order Reliability 
Method (FORM) was employed to calculate the reliability index (β). The reliability index 
(β) is defined as the shortest distance from the safe mean-value point to the most 
probable failure point located on the response surface (Low 2005). Generally, the 
maximum lateral wall deflection (δhm) is used to identify the serviceability performance 
of retaining wall. Thus, the numerical methods, empirical methods or semi-empirical 
methods are normally required to estimate the excavation induced maximum lateral wall 
deflection (δhm) during the design period. Accordingly, the probability of failure can be 
calculated based on the computed reliability index (β). Bauer & Pula (2000) pointed out 
that the use of response surface models may sometimes result in a false design point. On 
this aspect, Goh & Kulhawy (2005) recommended to use a neural network algorithm to 
determine the reasonable limit state surface. 
Beside the maximum lateral wall deflection, the excavation induced differential 
settlement behind the retaining wall is also important and can lead to the failure of the 
adjacent building. Nevertheless, the potential of building damage also depends on the 
structural types, sizes and its properties. Various types of building damage assessment 
indexes have been proposed in the past studies (Boscardin & Cording 1989, Boone 1996, 
Finno et al. 2005, Son & Cording 2005), but most of these indexes were calculated based 
on the lateral ground movement (δl) and ground settlement (δv) underneath the structures. 
The application of angular distortion (β) and lateral strain (εl) as the building damage 
assessment indexes was introduced by Boscardin & Cording (1989). The advantage of β 
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and εl is due to their application is suitable over the wide range of building length/height 
ratio, since both of them are evaluated from the state of strain at point. Zhang & Ng 
(2005) studied the variable of tolerable displacements of different structures and 
establishes the probability distributions of the limiting tolerable displacements. The 
limiting angular distortion (βlim) was analyzed using fragility curves, which facilitates 
reliability-based analysis of the limit state design. Schuster (2008) established the 
framework for fully-probabilistic analysis of potential for building serviceability damage 
induced by excavation in soft clays. The tolerable limit of the building to resist 
serviceability damage (Resistance) is characterized empirically using the database 
collected by Son & Cording (2005), while the damage to the structures (Loading) is 
estimated for a specific case using semi-empirical equations. Despite of the magnitude of 
the excavation-induced ground movement, the pattern of ground deformation is also 
importance. In general, the building damage caused by the hogging pattern is more severe 
than the sagging pattern. This is because the tensile cracks in the upper part of the 
building are normally developed earlier and faster than the lower part of the building.  
In summary, the magnitude and shape of ground movement are one of the key 
factors in the serviceability RBD of deep excavations. The accuracies of estimated 
ground movement are important and its uncertainties should be quantified. The 
uncertainties in geotechnical analysis are basically produced from two main sources, 
which are the design soil properties and the geotechnical calculation models. Normally, 
the uncertainties of the design parameters can be easily obtained from the past studies 
(e.g. Duncan 2000). However, the researches on quantifying the model uncertainties in 
geotechnical designs are still limited. Therefore, a careful quantification of model 
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uncertainties will be performed in this study. Thus, the serviceability RBD of deep 
excavations can be applied correctly and accurately in the deep excavation designs. 
 
1.3 Prediction of maximum lateral wall deflection and 
its uncertainties 
 
Section 1.2 highlights the importance of ground movement prediction methods and its 
uncertainties to the serviceability RBD of excavation. The maximum lateral wall 
deflection (δhm) is normally necessary for the risk assessment of retaining wall, while the 
ground movements behind the retaining wall (δv, δl) are used to identify the risk of failure 
of buildings adjacent to the excavation. However, the maximum lateral wall deflections 
(δhm) with the deformation ratios (R) are generally required prior to the estimation of 
ground movement behind the retaining wall (Hsieh & Ou 1998, Kung et al. 2007 and 
Schuster 2008), so the accurate and precise value of δhm is important. Ou et al. (1993) and 
Hsieh & Ou (1998) developed an empirical-based equation for ground movement 
prediction based on a carefully screened database. Later, Kung et al. (2007) further 
improved the ground movement prediction model proposed by Hsieh & Ou (1998) using 
generated data from calibrated FE model. This proposed method was named as KJHH 
model and used in the fully-probabilistic analysis of excavation-induced building damage 
established by Schuster (2008). The alternative approach of ground movement prediction 
method, Mobilized Strength Design (MSD), was recommended by Osman & Bolton 
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(2006). This flexible analytical method allows designers to select the suitable constitutive 
model freely for the ground movement prediction of their excavation projects. 
 Simplification of the empirical model or analytical method is one of the reasons 
that create the model errors (Zhang et al. 2008). The errors arising from ground 
movement prediction model are also one of the important factors in serviceability RBD 
design of deep excavation, but they are rarely available. Kung et al. (2007) calculated the 
bias factors (BF), which its probabilistic parameters represent the model uncertainty of 
the KJHH model. This bias factor (BF) can be defined as the ratio between observed 
values and estimated values. Unlike the KJHH model, the model uncertainty of the MSD 
method was not provided in the original study but it should be quantified. Thus, a careful 
evaluation of model uncertainty is desired, in order to ensure the practical application of 
the prediction model and avoid duplicate correction when the model errors are applied 
(Tang 1988). 
 
1.4 Objectives and scope of the study 
 
The main objective of this study is to propose guidelines for characterizing model 
uncertainties of existing ground movement prediction methods. The study is focused on 
determining the model errors and uncertainties of the predicted maximum lateral wall 
deflection values. The detailed objectives of this study include: 
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1. To identify the ground movement prediction method appropriate to the updated 
database of maximum lateral wall deflection. 
2. To characterize the associated uncertainties of the excavation-induced ground 
movement prediction method using an updated database. 
3. To propose guidelines for quantifying the model errors and uncertainties of the 




The report is organized as follows: Chapter 2 highlights some literature reviews on 
building damage assessment, excavation-induce ground movement prediction, reliability 
analysis on excavation, sources of uncertainty and works related to the model uncertainty 
quantification. Chapter 3 summarizes the details of case histories selected for the model 
verification and characterization in this study. The parametric study is also conducted in 
this chapter in order to investigate the effect of excavation geometries and soil properties 
to the prediction models. Then, the suitable method of ground movement prediction is 
determined by comparing the prediction results with the case histories. At the end of 
Chapter 3, a careful assessment of model uncertainties was performed based on the real 
field measurements. However, the lumped model uncertainty defined in Chapter 3 did not 
consider the effects of many important design parameters. This may lead to an 
unexpected error when it is applied to excavation cases significantly different from those 
in the database. As such, the Finite Element (FE) analysis is adopted in Chapter 4 for 
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quantifying the model errors and uncertainties arising from those unaccounted 
parameters. The validation of model uncertainty proposed in this study is also given in 
this chapter. Finally, Chapter 5 summarizes the results obtained in this study, and 






2.1 Building damage assessment due to excavation-
induced ground movements 
 
The recent work by many researchers on the building damage assessment showed that, 
the used of limiting angular distortion (βlim) as the single criteria may not provide a 
reasonable results to the building damage assessment (O’Rourke et al. 1976, Boon 1996, 
Finno et al. 2005, Son & Cording 2005). Boscardin & Cording (1989) recommended to 
considering the different of the angular distortion (β) and the lateral strain values (εl) 
between two adjacent building sections (Figure 2.1) as a criterion in the building damage 
assessment. Combining with the results from field measurement, Figure 2.2 indicates the 
level of building damage using β and εl as the assessment criteria (Burland et al. 1977). In 
order to classify the level of building damage, which ranged from “Very Severe” to 
“Negligible”, Son & Cording (2005) established the boundaries between each damage 
level based on the values of principal strain (εp), which defined as: 
2
max max max(cos ) sin cosp lε ε θ β θ θ= +     (2.1) 
maxtan(2 ) / lθ β ε=       (2.2) 
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in which θmax is the direction of crack formation measured from the vertical plane (Figure 
2.1). The author also investigated the effect of the building shear stiffness to the 
distortions imposed by ground settlement profile. Physical model tests and numerical 
simulations, correlated with case studies of building distortion and damage, have been 
used to evaluate these relationships for masonry bearing wall structures. The increase in 
the values of β and the ratio of ground over structure shear stiffness (decrease in building 
shear stiffness) was examined for both elastic and cracked building walls. The authors 
found that, cracking found on the masonry wall significantly reduced the values of 
effective wall stiffness. This reduction leads to the wall to conform more closely to the 
ground settlement profile and causing it to approach the distortion that would occur in the 
absence of the structure (Greenfield condition). 
 In order to predict the values of β and εl accurately, Shuster (2008) developed the 
empirical formulation based on the field measurement collected by Son & Cording 
(2005). Both soil parameters and structural parameters were included in the empirical 
formulation. The values of β can be calculated as: 
3 2
2
( 10 ) 0.105 0.413( ) 0.0466( ) 0.304[ln( / )] 0.108( / )
0.267[ln( / )]( )
s t
s
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in which GS is the ground slope of the settlement trough, ∆S is the differential ground 
settlement in millimeter, Es is soil stiffness in the region of footing influence, L is length 
of the building portion subjected to movement, G is elastic shear modulus of building, H 
is height of the building, b is building wall thickness, and εt is structure cracking strain. 








x E L GHbε β ε ε
β ε
− = − + + − +
+  (2.4)
 
in which β is the angular distortion calculated from Eq. (2.3) and εlg is the lateral strain of 
the ground related to the greenfield condition (without adjacent building).  
The patterns of ground movement also affect the level of building damage due to 
deep excavations. In general, the building damage caused by hogging pattern is more 
severe than sagging pattern. The reason is that, tensile cracks develop earlier and faster in 
the upper part of the building if the hogging pattern appears. As shown in Figure 2.3, a 
concave-up deformation is called “sagging”, while a concave-down deformation is called 
“hogging”. The inflection point (D) is the point which separates two modes of 
deformation. Schuster (2008) proposed a simplified scheme to account for the pattern of 
deformation in the building damage assessment. This simplified scheme is established 
based on the observation of inflection point from the measured ground movement 
profiles. The author founds that, the buildings which located within a distance of d/H = 
1.4 from the excavation tend to undergo sagging deformation, and the buildings which 
located at a distance greater than d/H = 1.4 from the excavation tend to undergo hogging 







2.2 Excavation-induced ground movement 
 
The accuracy for both magnitudes and patterns of the predicted excavation-induced 
ground movement are required in order to provide the reasonable results of building 
damage assessment. Normally, excavation-induced ground movement can be predicted 
from available empirical equations, semi-empirical equations and the closed-form 
analytical equations. Therefore, examples of well-know methods for ground movement 
prediction will be introduced hereafter. 
2.2.1 Ground movement prediction using empirical and semi-empirical method 
Peck (1969) provided the design chart for ground settlement prediction considering the 
effect of soil type, depth of excavation and distance from the excavation (Figure 2.4). 
From the figure, zone I represents the behavior of sand and soft to hard clay with average 
workmanship. The soil condition found in zone II is very soft to soft clay with (i) limited 
depth of clay below the base of excavation and (ii) significant depth of clay below the 
base of excavation but Nb < Ncb. Finally, zone III is the profile of ground settlement 
found in very soft to soft clay to a significant depth below the base of excavation with Nb 
≥ Ncb. As defined by the author, Nb is the stability number using undrained shear strength 
underneath the base level (cb), which can be determined from:  
Nb = γH/cb      (2.5) 
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in which γ is the saturated soil unit weight, H is the excavation depth, and Ncb is the 
critical stability number for base heave. 
Clough & O’Rourke (1990) updated and refined Peck’s chart (Figure 2.4) 
according to the additional recent case histories. The effect of system stiffness (EI/γwh4), 
soil properties and factor of safety against basal heave were considered in the procedure 
of ground surface settlement prediction. The well-known dimensionless diagrams 
(normalized soil settlement (δv/δvm) plotted against d/H) for various soil conditions were 
proposed in this study (Figure 2.5). However, newly developed construction methods of 
excavation lead to changes in ground movement mechanisms. Thus, existing empirical 
methods calibrated using past databases need to be updated (Clough & O’Rourke 1990). 
The early database on ground movement due to deep excavation was collected by Long 
(2001) and Moormann (2004). In the study by Long (2001), the author provided a general 
trend of ground movement based on the different values of wall geometries, soil profiles 
and factor of safety against basal heave. As show in Figure 2.6, the ground movement 
behavior of the different data set is summarized in Table 2.1, where the factor of safety 
against basal heave was calculated based on Bjerrum & Eide (1956). 
In general, two types of ground settlement profile can be found behind the 
retaining wall due to the excavation, which are “Spandrel type” and “Concave type” (Ou 
et al. 1993 and Hsieh & Ou 1998). Based on the information in their research, Ou et al. 
(1993) proposed the dimensionless diagrams for estimating the spandrel type of ground 
surface settlement. Additional parameters, such as the embedment length of retaining 
wall (D), were also considered in the dimensionless diagrams. Moreover, the zone of 
settlement that can lead to the severe damages was defined in this study as “Apparent 
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Influence Range (AIR)”. The dimensionless diagram for predicting ground movement for 
the concave type pattern was provided by Hsieh & Ou (1998). In this study, the 
dimensionless diagram of the spandrel type pattern was verified by excluding the effect 
of the values of wall embedment length (D). The procedure for determining the shape of 
settlement profile was also proposed and related to the area of the cantilever component 
(Ac). In order to estimate the settlement profile, the maximum lateral wall deflection (δhm) 
and the area of the cantilever component (Ac) should be firstly determined by the Finite 
Element (FE) analysis or predicted from the available ground movement prediction 
methods. Then, the values of δvm can be calculated from: 
R = δvm/δhm     (2.6) 
in which R is the deformation ratio, which normally equal to 0.50 to 0.75 for soft to 
medium clay without plastic flow, and more than 1 for very soft clay with plastic flow 
developed. The study by Kung et al. (2007) provided the completed relationship and 
formulation to estimate the maximum lateral wall deflection (δhm), maximum settlement 
(δvm) and ground settlement profiles. Only the concave type of settlement profile was 
proposed. In their study, the Kung-Juang-Hsiao-Hashash (KJHH) model was developed. 
KJHH model is a semi-empirical equation developed based on selected case histories and 
the artificial data generated by Finite Element Method (FEM). The non-linear soil model 
with stress-strain behavior at small strain level was considered in the analysis. In parallel 
with this study, Schuster (2008) developed the Kung-Juang-Schuster-Hashash (KJSH) 
model to predict the surface and subsurface lateral ground movement (δlm). The building 
damage level is then evaluated based on the available information of the existing 
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structure and predicted ground movement profile. Based on the studied by Kung et al. 
(2007) and Schuster (2008), the excavation-induced lateral wall deflection and ground 
movement can be related by the deformation ratio (R) presented in Eq. (2.6). The factors 
considered essential for predicting the lateral wall deflection in their study are excavation 
depth (H), system stiffness (EI/γwh4), excavation width (B), ratio of the average shear 
strength over the vertical effective stress (cu/σv’), ratio of the average initial Young’s 
modulus over the vertical effective stress (Ei/σv’), and ratio of the depth to hard stratum 
measured from the current excavation level over the excavation width (T/B). 
Table 2.1 and 2.2 summarized the factors related to the excavation-induced 
ground surface settlement predicted from various types of empirical estimation. The 
comparison of dimensionless ground movement profile proposed previously by these 
researchers is shown in Figure 2.7. 
2.2.2 Ground movement prediction using numerical method 
The FE analysis in deep excavations was firstly introduced in the early of 1970’s. 
Hashash & Whittle (1996) investigated the behavior of excavation in soft clay from the 
effect of excavation depth (H), support condition and the wall length (L). The FE analysis 
with non-linear soil model, called as MIT-E3, was performed to study the idealized plane 
strain excavation geometry as show in Figure 2.8. This MIT-E3 model is capable of 
simulating small strain nonlinearity, soil strength anisotropy, and hysteretic and inelastic 
behavior associated with reversal in load directions. Figure 2.9 presents the construction 
sequence assumed in their analysis without the additional incremental lateral wall 
deflection above the strut that has just been installed.  
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Yoo & Lee (2007) performed the numerical investigation on deep excavation-
induced ground surface movement characteristics under the ground conditions 
encountered in Korea. In order to realistically model ground movements associated with 
deep excavation, Lade’s double hardening soil model was incorporated into ABAQUS 
and used to simulate stress–strain behavior of the weathered soil. The analysis results 
show that, the general shape of a ground surface settlement profile is closely related to 
the sources of wall movements, and the unsupported span length has a significant 
influence on the magnitude and distribution of wall and ground movement. For a given 
ground condition, the ratio of the maximum ground surface settlement to the maximum 
lateral wall deflection (R) decreases with increasing wall flexibility for the cantilever 
component but increase with increasing wall flexibility for the lateral bulging 
components. The FE analysis worked by the previous researchers (Mana & Clough 1981, 
Wong & Broms 1989 and Hashash & Whittle 1996) are normally focused on the 
prediction of maximum lateral wall deflection (δhm), but the complete set of ground 
movement due to the excavation (maximum ground surface settlement (δvm), maximum 
lateral ground movement (δlm), and ground movement profile) is required for the building 
damage assessment (Yoo & Lee 2007). 
Presently, FE analysis seems to be a powerful tool for many geotechnical designs 
and assessments, including the building damage assessment due to the excavation-
induced ground movement. However, in the case of difficult soil conditions or 
complicated excavation methods, the complex non-linear soil model is normally required 
in the analysis. The lack clear understanding of the parameters used with the soil model 
may lead to an unsafe design. Also, these complex analyses normally require special soil 
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testing, care and the calculation time (Osman & Bolton 2006), which the practical 
engineers may feel uncomfortable in performing the FE analysis. 
2.2.3 Ground movement prediction using analytical method 
The early analytical method for surface and subsurface ground movement prediction 
behind the retaining wall using the ground loss assumption was proposed by Bowles 
(1988). In his study, the shape of ground settlement is assumed to deform hyperbolically 
as show in Figure 2.10. However, the values of maximum ground movement is required 
in the calculation procedure. So, in order to draw the ground movement profile, the 
empirical formulations or numerical analyses are still necessary. 
The complete analytical procedure in braced excavation was introduced by Bolton 
(1993) by relating the actual soil stress-strain behavior with the average strain produced 
by excavation in the site. The plastic deformation theory is assumed in the calculation to 
ensure that the soil will never reach its peak strength. Osman & Bolton (2004) introduced 
the “Mobilized Strength Design (MSD)” method to addresses both serviceability and 
collapse limit of cantilever wall in an undrained excavation. Displacement in the zone of 
deformation (Figure 2.11) was assumed to be controlled by the average soil stiffness. 
Osman & Bolton (2006) assumed the plastic zone of soil deformation (Figure 3.4) for 
MSD analysis of braced excavation in undrained clay. The details of the analysis will 
further discuss in Chapter 3. Due to the limitation of the present MSD method, Bolton 
(2008) and his coworker further investigate and incorporate additional factors in their 
MSD method. Additional factors such as the excavation width (B), depth to the hard 
stratum underneath the excavation base (T) and retaining wall stiffness (EwI) normally 
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influence the ground movement mechanism due to the excavation. The effects of these 
factors will be discussed in Chapter 3 in detail. 
2.2.4 Factors affecting ground movement mechanisms 
The excavation width (B), excavation depth (H), soil strength, soil stiffness and structural 
system stiffness (EwI) were generally employed in most of the existing ground movement 
prediction methods. According to the previous studies by Kung et al. (2007), the initial 
Young’s modulus of soil (Ei) also has a significant influence on the excavation-induced 
ground deformation. Moreover, the presence of a hard stratum could affect the size of the 
yielding zone of ground movement. So, their effects on the predicted maximum lateral 
wall deflection should be investigated. Normally, the effects of the hard stratum are 
indicated in term of distance between the excavation bases to its locations. According to 
Bolton (1993), the deformation zone of excavation could be restrained by the presence of 
the hard stratum (Figure 3.6). Goh (1994) used FE analysis to evaluate the effects of 
these parameters to the factor of safety against basal heave. The analysis results show 
that, the variation of factor of safety against basal heave is more pronounced within the 
certain range of T/B and D/T (Figure 2.12). It can be concluded that, when the ratio of 
T/B is large enough, the lateral wall deflection is no longer affected by it. 
Hashash & Whittle (1996) pointed out that the wall length (L) has a minimal 
effect on excavation-induced ground movement mechanism. The study by Yoo & Lee 
(2007) was focused on the ground surface settlement, since it can be applied directly to 
the building damage assessment. The primary influence and the secondary influence 
zones (Clough & O’Rourke 1990 and Hsieh & Ou 1998) are approximately equal to 2H 
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and 3H for vertical ground movements, respectively. The excavation-induced ground 
surface movement profiles for a given excavation can be predicted with a reasonable 
degree of accuracy by combining the cantilever and the lateral bulging components. 
 
2.3 Reliability analysis of deep excavations 
 
2.3.1 Current methods on serviceability reliability-based design in excavation 
As mentioned earlier, previous research on reliability analysis of deep excavations are 
mostly related to the ultimate limit state, not the serviceability limit state (Low 2005). 
Examples of previous studies are given hereafter. Reliability assessment requires the 
statement of a performance function (P). The performance function may be defined as the 
difference between load (S) and resistance (R) (Goh et al. 2005). 
P = R – S     (2.7) 
Phoon (2008) gave a simple example of performance function for foundation design 
problem as; 
P = Q – F     (2.8) 
in which Q is the random capacity of foundation, and F is the random load on the 
capacity. It can be seen from the Eq. (2.8) that, the foundation will be considered as 
“safe” if the performance function is greater or equal to zero. Thus, in order to ensure that 
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the probability of failure in the Reliability-Based Design (RBD) will never exceed the 
target value, the following probability equation should be assessed; 
pf = Prob(P < 0) ≤ pT     (2.9) 
in which Prob(.) is the probability of an event, pf  is the probability of failure, and pT is 
the acceptable probability of failure. Alternatively, the reliability index (β) may be used 
to determine the probability of failure, which defined as; 
β = -Φ-1(pf)     (2.10) 
in which -Φ-1(.) is the inverse standard normal cumulative function. Goh et al. (2005) 
demonstrated that, the reliability index (β) can be assessed using the first-order reliability 
method (FORM) by incorporating a response surface model or performance function 
derived from parametric studies. The response surface model may be determined based 
on a numerical procedure such as FE analysis. This proposed semi-empirical model takes 
into account the soil undrained shear strength (cu), soil undrained stiffness (Eu), unit 
weight of soil (γ) and the coefficient of earth pressure at rest (K0). Note that, the response 
surface should be expressed as a function of standard normal uncorrelated variates prior 
to the calculation of risk of failure using FORM. An example has been presented to 
demonstrate the feasibility and efficiency of this approach in the original study. 
Schuster (2008) recommended the probabilistic procedure for evaluating the 
potential for building damage as shows in Figure 2.13. The proposed performance 




g(x) = DPIR - DPIL     (2.11) 
in which DPIR is the limiting DPI (Resistance), DPIL is the applied DPI (Load). In short, 
the probability that the value of DPIL is exceeding the tolerable limit (DPIR) can be 
calculated as follow: first, collect all involved probabilistic inputs, which are the soil 
properties and structural properties. Next, calculate the maximum lateral wall deflection 
(δhm), maximum ground settlement (δvm), lateral ground movement (δlm) and ground 
movement profiles based on the proposed semi-empirical formulas. Finally, the angular 
distortion (β), lateral strain (ε1) and the values of DPIL are then calculated using the 
empirical equation [Eq. (2.3) and (2.4)]. Based on the empirical relationship, the values 
of DPIL can be computed from: 
3 2
max max max20 10 [ (cos ) sin cos ]lDPI x ε θ β θ θ= +   (2.12) 
In the analysis, the model bias factor and coefficient of variation (COV) of both 
DPIR and DPIL are calculated by assuming a prior probability ratio [r = Probability of 
Damage (PD)/Probability of no damage (PND)] equal to 1. According to the performance 
function defined in Eq. 2.11, the reliability index and the probability of damage (PD) were 
calculated using FORM. After that, the prior probability ratio (r) should be updated based 
on the calculated probability of damage [r = PD/(1-PD)]. This process of updating r-
values is iterated until the probability of damage (r) converges. More details and 
examples of the RBD can be found from the original study.  
In addition to the uncertainties arising from input parameters, another important 
factor in the RBD is the model error (Phoon 2008). This model error represents the 
uncertainty of the geotechnical prediction models or model uncertainty. The prediction 
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models include any models used to estimate the values of resistances and loads in the 
performance function. The following section provides a review on the determination of 
model errors from various geotechnical prediction models.  
2.3.2 Model uncertainty of the ground movement prediction methods 
In the fully-probabilistic analysis of excavation-induced building damage established by 
Schuster (2008), all probabilistic parameters of the input parameters are required in the 
analysis. These probabilistic parameters represent the uncertainties of the input 
parameters and calculation models used in the RBD. Phoon (2008) and Zhang et al. 
(2008) apprised that, the uncertainties in the geotechnical designs arose from two main 
sources of error. The first source is the errors arising from the uncertainties of the design 
parameters. This source of error can be subdivided more to be 3 types, which are inherent 
soil variability, measurement error, and transformation uncertainty. Example work on 
quantifying the model errors arising from uncertainties of the input parameters were 
demonstrated by Phoon & Kulhawy (1999). Other studies on soil parameter uncertainties 
were conducted by Zhang et al. (2004), Fenton & Griffiths (2005) and Fenton et al. 
(2005). The second source of error is the errors arising from the geotechnical prediction 
models, which includes the errors due to insufficient representation of the constitutive 
soil models in the geotechnical prediction models, simplification of boundary conditions, 
and numerical errors (Zhang et al. 2005). 
 The examples of error characterization of ground movement prediction models 
can be found in the studies by Kung et al. (2007) and Schuster (2008). In their study, the 
bias factor (BF) was used as an error measurement tool, when the real field data was 
23 
 
exactly known. The bias factor (BF) defined as the ratio between the observed values and 
the estimated values from their proposed prediction model. The probabilistic parameters 
of bias factors is then calculated and used to represent the uncertainties of their proposed 
ground movement prediction model. Other studies on model error characterization of 
different geotechnical problems were conducted by Tang (1988), Liu (2000), Phoon & 




As presented in section 2.1, surface and subsurface lateral wall movement (δh), vertical 
ground settlement (δv) and shape of movement are the key parameters in building damage 
assessment analysis. Different methods of ground movement prediction are summarized 
in section 2.2, which some of them were selected and used in this study. Based on 
previous studies, value of maximum lateral wall movement (δhm) is required prior to the 
prediction of vertical ground settlement (δv) and shape of movement; so that, accurate 
prediction of maximum lateral wall movement (δhm) is important. Thus, one objective of 
this study was set to determine the most accurate prediction method for maximum lateral 
wall movement (δhm). However, errors arising from uncertainties of the design parameters 
and prediction models are inevitably exist. In addition, these errors are necessary for 
Reliability-Based Design (RBD) method, but previous studies on reliability analysis of 
deep excavations are mostly related to the ultimate limit state, not the serviceability limit 
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state. Moreover, the numbers of studies related to error characterization of ground 
movement prediction models are still limited. Therefore, quantifying the model errors 
and uncertainties of the selected ground movement prediction method will be the main 















Figure 2.1 Definition of the angular distortion (β) and lateral strain (εl) (Schuster 2008) 
 
 





Figure 2.3 Inflection point (D) between “Sagging” and “Hogging” of the ground surface 









Figure 2.5 Dimensionless diagrams proposed by Clough & O’Rourke (1990) (Reprinted 











Data set 1: h< 0.6He 
 Data set 2a: h> 0.6He, Stiff soil at dredge level and High FoS against base heave 
 Data set 2b: h>0.6He, Soft soil at dredge level and High FoS against base heave 
 Data set 3: Low FoS against base heave 
 Data set 4: Cantilever wall 
Figure 2.6 Data set categorized by Long (2001) based on the different in soil condition, 




Figure 2.7 Dimensionless diagrams for the surface settlement prediction in soft to 
medium clay from previous studies 
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Figure 2.8 Excavation geometry and material properties used in the analysis of Hashash 
& Whittle (1996) 
 
 






Figure 2.10 Subsurface settlement prediction from lateral wall deflection values proposed 





























Authors Proposed Model 
Related Factor 
Remarks Wall Type Soil Condition 
Factor Used in 
Calculation 
Peck (1969) Empirical Sheet pile, 
Soldier pile 
wall 
Sant, Soft to 
Hard clay, 
Very soft to 
Soft clay 
H, T, Nb, 
Workmanship 
Values of δvm/He varied between 1 to 2%. 
Clough & O'Rourke 
(1990) 
Empirical More various 
types of 
retaining wall  
Sand, Stiff to 
Very hard 
clay, Soft to 
medium clay 
H, EwI/γwh4, FoS, d, 
δhm 
Soil settlement due to other activities, such as dewatering, deep 
foundation removal or construction, and wall installation should 
be estimated separately. 
Ou et al. (1993) Empirical 9 cases of 
Diaphragm 
wall, 1 case of 
prepakt wall 
Alternating 




H, d, D, δhm The case histories were carefully selected under plain-strain and 
normal construction condition. 








H, Ac, d, δhm Two types of settlement profile, the spandrel type and concave 
type, can be estimated based on the area of the cantilever 
component. Moreover, the better prediction of angular distortion 
compared to the previous studies were achieve by this method. 
Kung et al. (2007) Semi-Empirical 31 cases of 
Diaphragm 
wall, 2 cases 




H, B, T, d, EwI/γwh4, 
cu/σv’, Ei/σv’ 
Complete relationship between lateral wall deflection and 
surface settlement. 
 





Authors Criteria δhm/H (%) δvm/H (%) δlm/H (%) R = δvm/δhm Influence zone 
(d/He) 
Peck (1969) 
Zone I: Sand/soft to hard clay/average workmanship N.A. < 1.0% N.A. N.A. < 2.0 
Zone II:Very soft to soft clay with either a limited depth of soft 
clay beneath excavation or a significant depth of soft clay but 
with a high margin of FoS 
N.A. 1.0 to 2.0% N.A. N.A. 2.0 to 4.0 
Zone III: Very soft to soft clay with a low margin of FoS N.A. > 2.0% N.A. N.A. > 4.0 
Clough & O'Rourke 
(1990) 
Case I: Stiff clay, residual soil and sand 0.2 to 0.3% 0.15% N.A. 0.50 to 0.75 2.0 (sand) 
 3.0 (stiff clay) 
Case II: Soft to medium clay with FoS over 2.0 < 0.5% N.A. N.A. N.A. 2.0 
Case III: Soft to medium clay with FoS falls below 1.5 > 2.0% N.A. N.A. N.A. 2.0 
Ou et al (1993) 
Alternating silty sand and silty clay (Taipe subsoil condition), 
Spandrel type of settlement profile 
0.2% to 
0.7% 
N.A. N.A. 0.5 to 0.7 Defined in term 
of [d/(He+D)]0.5 
=1.5 
Hsieh & Ou (1998) 
Soft to medium clay, no plastic flow of soil around the excavation N.A. N.A. N.A. 0.5 to 0.75 2.0 (Spandrel) 
4.0 (Concave) 
Long (2001) 
Data set 1: Retaining wall in stiff soil with a large FoS 0.0 to 0.25% 0.0 to 0.20% N.A. 0.80 N.A. 
Data set 2a: Retaining wall that retain a significant thickness of 
soft material (>0.6H), with stiff material at dredge level 
Very close to those 
predicted by Clough & 
O'Rourke (1990) 
N.A. N.A. N.A. 
Data set 2b: Retaining wall that retain a significant thickness of 
soft material (>0.6H), with soft material at dredge level 
Clough & O'Rourke (1990) 
is underestimate 
N.A. N.A. N.A. 
Data set 3: Low FS against base heave Same as  Mana & Clough 
(1989) 
N.A. N.A. N.A. 
Data set 4: Cantilever wall 0.36% N.A. N.A. N.A. N.A. 
 
Table 2.2 Previous studies on maximum lateral wall deflection (δhm), maximum ground surface settlement (δvm) and maximum lateral surface 








In this chapter, predicted δhm from different prediction methods summarized in chapter 2 
will be compared with measured δhm in order to determine the most accurate prediction 
methods. The information based on excavation-induced ground movement has been 
collected by many researchers from various locations around the world. The development 
in the design methods, construction and movement control techniques of the excavation 
work lead to a change in ground movement magnitudes and mechanisms compared to the 
data collected from the past 10 to 20 years. Two alternative approaches were available for 
analyzing the data on ground and wall movements (Long 2001). First, the data could be 
assessed on a local basis using a small number of carefully collected case histories from 
the particular location. Second, a large number of case histories taken from various 
locations around the world can be used. The available databases of both approaches 
collected from various literatures are summarized in section 3.2. However, some 
necessary parameters required for the ground movement estimation may not available in 
those original studies: for example, details of excavation stages and props level. Thus, the 
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database are categorized based on the provided parameters in the original studies are 
summarized in section 3.3. 
In order to quantify the model uncertainties of the ground movement prediction 
methods, a parametric study is normally required. However, using the measured data 
alone may not enough, since uncertainties arising from different design parameters are 
difficult to define from limited number of measured data. To achieve the objective of this 
study, the Finite Element (FE) analysis is required. For the purpose of parametric study, 
Eq. (3.9) was established to measure the ratio between the predicted maximum lateral 
wall deflection using MSD method and FE analysis. According to the original MSD 
method proposed by Osman & Bolton (2006), the stress-strain behavior of soil in the 
MSD calculation can be represented by the real soil behavior from the laboratory testing 
or from the available constitutive models. In this study, the hyperbolic soil model was 
selected based on its’ advantages over the linear-perfectly plastic soil model. In section 
3.4, the details of MSD calculation with hyperbolic soil model will be provided. Section 
3.5 and 3.6 illustrate the material models, excavation geometries, construction sequences 
as well as the parameters used in the FE analysis. The verification of FE model were 
performed in section 3.7 to ensure that, the assumptions made for FE analysis in this 
study are reasonable in the sense of providing a reasonable fit to measured deflections. 
The parametric study was conducted and results summarized in section 3.8. The effects 
of each design parameters on the predicted maximum lateral wall deflection were further 
investigated. Therefore, the range of input parameters that MSD method is believed to 
provide the most reasonable fit to measured deflections can be obtained. Section 3.9 
highlights the limitation of MSD method and its development. In section 3.10, the 
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estimated ground movements from various prediction methods were compared with the 
measured data in order to identify the methods that provide the most accurate results. The 
case histories summarized in Table 3.1 and 3.2 were used to compare (Group I and II) 
and verify (Group I) the ground movement prediction methods. The framework for 
quantifying the lumped model uncertainties from the field measurement was given in 
section 3.11.  
 
3.2 Database of the excavation-induced ground 
movement 
 
An updated database on measured ground movements induced by deep excavation is 
summarized in this section. As mentioned earlier that, the data is divided into two 
categories, namely, data extracted from worldwide sources and data extracted from local 
sources. A detailed summary of this database will be given hereafter. 
3.2.1 Worldwide database 
Several well-known empirical and semi-empirical methods available for estimating the 
excavation-induced maximum lateral wall deflection (δhm) were created based on the 
worldwide database (Peck 1969, Mana & Clough 1981, Wong & Broms 1989, Clough & 
O’Rourke 1990, Kung et al. 2007). As mention by Long (2001), the improvement in 
excavation design and construction method leads to a better control of ground movement 
induced by deep excavation. So, prediction methods developed in past studies may not be 
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suitable for current practice and required verification using more recent databases. 
Fortunately, Long (2001) collected 296 individual case histories from 165 papers. The 
comparisons between these recently collected data with the past empirical methods were 
also conducted by the author. The subdivision of the case histories was illustrated in 
Figure 2.6. Combining with the conclusion in Table 2.1 and 2.2, the results of the 
analysis can be summarized as follow: 
• For the retaining walls in stiff soils with a large FS against basal heave, the 
normalized maximum lateral wall deflections (δhm/H)FIELD vary from 0.05% to 
0.25%. The study also found that, types of bracing system seem to have no effect 
on the ground movement mechanisms. Comparison of ground movement with the 
chart produced by Clough and O’Rourke (1990) shows that, the empirical chart is 
normally over-predicting the ground settlement.  
• For the retaining walls that retain a significant thickness of soft material (>0.6H) 
with stiff material at dredge level and where there is a large FS against basal 
heave, the measurement data are very close to those predicted by Clough and 
O’Rourke (1990). 
• For a retaining wall with its tip embedded in a stiff stratums, retaining a 
significant thickness of soft material (>0.6H) and have soft material at dredge 
level but where there is a large FS against basal heave, the Clough et al. (1989) 
charts considerably underestimate the ground movements. 
• For the case of low FS against basal heave, the data mostly fall within the limiting 
values suggested by Mana and Clough (1981). The relationships between ground 
movement, system stiffness (EwI/γwh4), and FS against basal heave proposed by 
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Clough et al. (1989) form a good starting point for the ground movement 
prediction. 
• For the cantilever walls, the normalized maximum lateral wall deflections 
(δhm/H)FIELD are relatively modest and average about 0.36%. Furthermore, the 
measured ground movements are found to be independent from the excavation 
depth (H) and system stiffness (EwI/γwh4). 
Kung et al. (2007) verified their proposed semi-empirical model for ground 
movement prediction using 33 case histories obtained from Taipei, Singapore, Oslo, 
Tokyo, and Chicago. The normalized maximum lateral wall deflection (δhm/H)FIELD 
values fall between 0.20% - 0.60%. This is similar to those presented by Ou et al. (1993). 
3.2.2 Local database 
This group including the case histories gathered from Oslo (Karlsrud 1986), Chicago 
subsoil (Gill & Lucus 1990), Taipei, Taiwan (Ou et al. 1993), U.K. soils (Fernie & 
Suckling 1996) and Singapore (Wong et al. 1997). In short, the analysis results can be 
summarized as follow: 
• Karlsrud (1986) found the relationships between the maximum ground 
settlements (δvm) normalized with the thickness of soft clay, distance from the 
excavation and FS against basal heave for the Oslo subsoil condition. The chart 
for ground movement prediction was also proposed in this study. 
• Ou et al. (1993) studied 10 case histories in Taipei soft clays with a high FS 
against basal heave. The normalized maximum lateral wall deflections 
(δhm/H)FIELD were found to vary from 0.20% to 0.50%. 
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• Fernie & Suckling (1996) considered a range of stiff U.K. soils and showed that 
normalized maximum lateral wall deflections (δhm/H)FIELD varied between 0.15% 
and 0.20%. 
• The measured ground movements from the Singapore Central Expressway Phase 
II were collected by Wong et al. (1997). For the excavations with a combined 
thickness of soft soil layers less than 0.90H overlying stiff soils, the normalized 
maximum lateral wall deflections (δhm/H)FIELD and normalized maximum ground 
settlements (δvm/H)FIELD were less than 0.35% and 0.50%, respectively. The 
values of normalized maximum lateral wall deflections (δhm/H)FIELD and ground 
settlements (δvm/H)FIELD for the excavations with a combined thickness of soft soil 
layers less than 0.60H were 0.20% and 0.35%, respectively. 
In addition to these case histories, an updated data collected by Hooi (2003) and 
Wang et al. (2005) were also presented in this study. Hooi (2003) compiled and 
interpreted the observed lateral wall deflection and ground surface settlement of 16 
station excavations of the Bangkok MRT project to examine the performance of the 
station box excavations in Bangkok subsoil. Three types of deflected shapes of lateral 
wall deflection were observed at certain ranges of excavation depths, namely cantilever 
mode, braced excavation modes in soft and stiff soil. The normalized maximum lateral 
wall deflection (δhm/H)FIELD in the cantilever mode of wall movement was 1.60, while in 
the braced excavation with bulge in soft soil and stiff soil, the (δhm/H)FIELD was 0.60 and 
0.40 respectively. Wang et al. (2005) studied and compared the measured ground 
movement of six deep multi-strutted excavations in Shanghai soft soils with those of 
similar case histories reported worldwide. The normalized maximum lateral wall 
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deflection (δhm/H)FIELD was scattered but generally less than 0.70%. The ratio between 
maximum ground surface settlement and maximum lateral wall deflection (δvm/δhm) were 
found to vary from 0.40 to 0.50. The small settlement is probably due to the use of pre-
stressed struts in this project. 
In order to calculate the predicted ground movement, the parameters required in 
this study are stress-strain relationship of the in-situ soil, wall length (L), excavation 
depth (H) and strut spacing (h) from start to the final stage of excavation. Unfortunately, 
not all the case histories can be used to verify the accuracy of the ground prediction 
model, especially the MSD method, since most of the cases provide only the information 
at the final stage of excavation (excavation depth and measured ground movement). 
Based on this limitation, the case histories were categorized and summarized as show in 
the next section. 
 
3.3 Selected case histories 
 
3.3.1 Subdivision of case histories 
One of the main objectives of this study is to verify and quantify the uncertainties of the 
lateral wall deflection predicted from some existing ground movement prediction model. 
The details of ground movement prediction methods and necessary parameters were 
given in Chapter 2. In order to predict the ground movement induced by deep excavation 
in this study, the parameters required in the calculation are: 
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• Stress-strain relationship representing the in-situ soil behavior (from laboratory 
testing or soil model), 
• Total soil unit weight (γt), 
• Wall length (L), 
• Details of excavation sequence, which include strutting level (h) and excavation 
depth (H) at every excavation stage, and 
• Wall end-condition (α). 
• Excavation width (B), 
• Wall stiffness (EwI), and 
• Depth to the hard stratum underneath the excavation base (T). 
Based on the information available in the original databases (Karlsrud 1986, Gill & 
Lucus 1990, Ou et al. 1993, Fernie & Suckling 1996, Wong et al. 1997, Long 2001, Hooi 
2003, Wang et al. 2005, and Kung et al. 2007), the case histories can be categorized as 
follow: 
Group I: The case histories which contained all necessary parameters required in the 
ground movement prediction equations and can be used to verify the models. 
This group contains the case histories that provided all necessary parameters for 
the ground movement prediction calculation and can be used to verify the methods. 
Twenty-eight case histories of braced excavations in clay collected by Hooi (2003), 
Wang et al. (2005) and Kung et al. (2007) were categorized in this group. Table 3.1 
provides a summary of these excavation case histories, including the construction 
method, excavation width (B), final depth of excavation (Hf), wall length (L), flexural 
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stiffness of retaining wall (EwI) and the average undrained shear strength of soil (cu) used 
in the numerical study. For these case histories, the excavation width (B) is in the range 
of 15.0-70.0 m; the final depth of excavation (Hf) is in the range of 7.7-32.6 m; and the 
wall length (L) is in the range of 16.0-46.0 m. 
Group II: The case histories where some parameters required in the ground movement 
prediction equations were missing, but they can be estimated from the information given 
from its original studies. 
This group comprises of the case histories collected by Gill & Lucus (1990), Ou 
et al. (1993) and Wong et al. (1997). Even though some of the parameters required in the 
ground movement prediction were missing, it can be estimated or averaged from the 
information given in the original studies. For example, the averaged length of retaining 
wall and strut spacing from the given ranges in the database collected by Wong et al 
(1997). The summary of these case histories were given in Table 3.2. 
Group III: The case histories that do not provide enough information for the ground 
movement prediction equation, especially for the MSD method. 
Most of the case histories collected by previous researchers provide only the 
parameters (e.g. H, h, l) and measured ground movement (e.g. δhm, δvm) at the final 
excavation stage, while the MSD method required these information at every stage of 
excavation. So, data of the case histories in this group can only give some guideline for 
predicting likely movement due to deep excavation.  
In conclusion, the databases in Group I and II will be used to assess the accuracy 
of each ground movement prediction models. Only the case histories in Group I can be 
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used to verify and quantify the model uncertainties of ground movement prediction 
models. 
3.3.2 Excavation-induced ground movements of the selected case histories 
The maximum lateral wall deflections (δhm) and maximum ground settlement (δvm) 
observed from all of the selected case histories (Group I and II) are shown in Figure 3.1 
and Figure 3.2, respectively. From both figures, a wide scatter is observed. Figure 3.3 
shows the normalized maximum ground settlement (δvm/H)FIELD plotted with normalized 
maximum lateral wall deflection (δhm/H)FIELD of the final excavation stage. It can be seen 
that, the values of (δvm/H)FIELD are generally less than the values of (δhm/H)FIELD. 
 
3.4 MSD method with hyperbolic soil model 
 
One method that will be used for estimating the maximum lateral wall movement (δhm) in 
this study is MSD method. The Mobilized Strength Design (MSD) method is an 
analytical method introduced by Osman & Bolton (2006) to predict the ground movement 
caused by excavation works. Based on the principle of virtual work, the proportional 













in which γt is the unit weight of soil, δv is an incremental vertical settlement at each stage 
of excavation, δγ is an incremental engineering shear strain and cu is undrained shear 
strength of soil. Please note that, the proportional strength mobilized in the original paper 
was represented by β, but replaced by β* in this study in order to avoid overlapping with 
the standard symbol representing the reliability index. As recommended by the authors, 
the stress-strain curve obtained from the Direct Simple Shear (DSS) test should be used 
to obtain the corresponding mobilized shear strain (γmob) based on the level of cmob. Then, 
the incremental maximum lateral wall deflection (δwm) at each stage of excavation can be 
calculated based on the incremental mobilized shear strain (δγmob) as given in Eq. (3.2). 
Finally, the incremental lateral wall deflection profile can be plotted based on Eq. (3.3) 















mw yw δ πδ   = −          (3.3)
 
Osman & Bolton (2006) validated the MSD method with comprehensive FE 
analysis performed by Hashash & Whittle (1996), and the MIT-E3 soil model was used 
to calculate the values of γmob in their analysis. In this study, the MIT-E3 soil model will 
be replaced by the hyperbolic soil model (Duncan & Chang 1970). Duncan-Chang model 
is widely used to represent the non-linear stress-strain behavior of natural soil. It is a 
simple model and its parameters can be easily obtained from the Mohr-coulomb model. 
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The relationship between vertical strain (ε1) and deviatoric stress (q) in the hyperbolic 
















      (3.5)
 
in which qf is the deviatoric stress at the failure point defined by the Mohr-Coulomb 
failure criterion, Rf is a curve-fitting constant normally assumed to be equal to 0.9 (less 
than 1), and Ei is the initial (tangential) stiffness from a triaxial stress-strain curve. For 
this study, δγmob is computed using Eq. (3.6).  
1.5mob lδγ ε=       (3.6) 
The study by O’Rourke (1993) shows that, the incremental lateral displacement 
profile of a braced excavation can be assumed to conform to a cosine function [Eq. (3.3)]. 
The deformation zone proposed by Osman & Bolton (2006) for a multipropped wall 
supporting an excavation in clay, associated with the incremental lateral displacement 
generated by excavation of the soil beneath the lowest level of support is shown in Figure 
3.4. The wall is assumed to be fixed incrementally in position and rotation at the lowest 
level of props, which implies that the wall has sufficient strength to avoid the formation 
of a plastic hinge. The wall and soil are assumed to deform compatibly. The soil is taken 
to deform continuously with no slip surface inside the plastic mechanism. For the zone 
outside the plastic zone, the soil is assumed to be rigid.  
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The dimensions of the proposed mechanism depend on the wavelength (l). The 
relation between the wavelength and the length of the wall beneath the lowest support (s) 
can be calculated from: 
l = αs      (3.7) 
in which the values of α is depended on the wall end-fixity condition (Figure 3.4). The 
value of α is taken to be equal to 1 when the wall tip is embedded in the stiff clay and 2 
when the wall tip is embedded in the soft clay. Since the spatial scale is fixed by distance 
l, all strain components are proportional to δwm/l. The average shear strain increment 
(δγmob) mobilized in the deforming soil due to the incremental wall displacement (δwm) 
can be calculated from the Eq. (3.2). 
The equilibrium of the unbalanced weight of soil inside the mechanism is 
provided by the mobilized shear strength cmob = cu, which increases as the excavation 
proceeds in stages. As proposed by Osman & Bolton (2006), the value of β∗ = cmob/cu 
appropriate to the completion of some stage can be found using the Principle of Virtual 
Work. The MSD calculation can be carried out as follow; 
1. At each stage of the excavation, the proportional strength mobilized (β∗) due to 
the excavation of soil beneath the lowest support is obtained from Eq. (3.1). 
2. The corresponding mobilized shear strain (γmob) is found from the stress-strain 
curve of the corresponding soil. In this study, the mobilized shear strain will be 
calculated from the hyperbolic formula 
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3. The engineering shear strain increment (δγ) due to the current stage of excavation 
is then calculated [Eq. (3.6)]. 
4. Next, the incremental lateral wall deflection (δwm) is calculated from Eq. (3.2).  
5. Then, the incremental lateral wall deflection profile is plotted using the cosine 
function [Eq. (3.3)]. 
6. Finally, the cumulative displacement profile is obtained by accumulating the 
incremental movement profiles. 
 
3.5 Material models and material properties in the FE 
analysis 
 
In order to compare the accuracy of various prediction methods, including FE analysis, 
the boundary condition and material models of each method should be the same or 
similar. The Hardening Soil model (HS), which is the hyperbolic soil model implemented 
in PLAXIS code was used in the FE analysis. The same hyperbolic formulation [Eq. 
(3.4)] as the Duncan-Chang model is used to represent the stress-strain behavior of the 
HS model with some improvement from the original model (PLAXIS Manual). Since the 
soil strength parameters getting from the previous case histories are undrained shear 
strength parameters (c = cu, φ = φu = 0), the undrained effective stress analysis with 
undrained strength parameters will be used in the FE analysis. Undrained shear strength 
(cu) and stiffness (Eu for MSD and E’ for FEM) at mid-depth of the wall length (Figure 
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3.5) were used to represent the average soil properties in the zone of deformation. The 









+      (3.8) 
 In the MSD calculation, portion of the wall above the final level of strut was 
assumed to be fixed in place and not allowed to move; so, the fixed-end anchor with very 
high stiffness was used as the strut in the FE analysis. Table 3.4 summarizes the material 
models and material properties used in this parametric study. 
 
3.6 Excavation geometries and construction sequences 
 
For the MSD calculation, the deformation of the soil is assumed to take place in the zone 
of plastic deformation as show in Figure 3.4. However, Bolton (1993) demonstrated that 
the size and shape of plastic zone will be controlled by the excavation width (B) and the 
depth to the hard layer underneath the excavation base (T) as shown in Figure 3.6(a) and 
3.6(b), respectively. 
In order to investigate the effects of excavation geometries, the FE model was 
setup as shows in Figure 3.7. The wall is assumed to be fixed at the top after the first 
stage of excavation (Cantilever) using stiff strut. Then, the wall in the following stage of 
the excavation will be probed in the subsequence stage. The main objective of the 
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parametric study in the following section is to investigate the limitation of the MSD 
calculation introduced by Osman & Bolton (2006), hence the accuracy of predicted 
ground movement can be achieved from the MSD method for a further assessment of the 
near-by building damage. 
 
3.7 Verification of FE model with field measurement 
 
28 case histories in section 3.3 were investigated using the FE analysis in this section. 
Figure 3.8 shows that, the normalized maximum lateral wall deflection predicted from FE 
analysis (δhm/H)FEM falls within the line of ±20% compared with the field measurement 
(δhm/H)FIELD. Most of the over-predicted values of normalized maximum lateral wall 
deflection are the cases from Bangkok MRT project. Since, the soil profiles in this FE 
study were simplified to be a homogeneous single layer, so the analysis with layered soil 
may improve the precision of the predicted ground movement results as showed by Hooi 
(2003). Another main reason of an error is probably due to some lateral confinement 
caused by some friction reaction between road pavement above the station box and the 
made ground below the pavement. In alternative, the temporary decking above the 
excavation box imposed some additional forces. This behavior is similar to the braced 
excavation with the pre-loaded strut, which will lead to the reduction in both maximum 
lateral wall deflection (δhm) and ground surface settlement (δvm).  
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From Figure 3.9, the normalized ground settlement at the final excavation stage 
predicted using FE analysis (δvm/Hf)FEM was plotted with the values from field 
measurement (δvm/Hf)FIELD. The limited number of field data provides some evidence that 
the FE analysis using Hardening Soil model will normally overestimate the ground 
surface settlement. Nevertheless, it is possible to achieve reasonably accurate ground 
movement predictions with a properly calibrated FE model. 
 
3.8 Parametric study 
 
3.8.1 Effect of the excavation geometries 
In this section, Eq. (3.9) will be used to investigate the difference between the ground 
movement predicted using MSD method and FE analysis. The objective of this 
comparison is to determine the range of parameters that MSD provide the closest 











     (3.9)
 
in which (δhm/H)MSD is the predicted normalized maximum lateral wall deflection from 
MSD method, (δhm/H)FEM is the predicted normalized maximum lateral wall deflection 
from FE analysis. 
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 The analysis results based on different excavation width (B), excavation depth 
(H), strut spacing (h) and depth from excavation base to the hard stratum (T) will be used 
to examine the accuracy of MSD method. Figure 3.10 shows the variation of Erh against 
the values of H/L for the retaining wall with different stiffness and strut spacing. The 
figure shows that, the values of (δhm/H)MSD predicted using MSD method normally 
overestimate the FE analysis results at the shallow depth of excavation (Low H/L values). 
This is because the retaining wall in the MSD calculation is assumed to rotate rigidly at 
the first stage of excavation, while the FE results show the flexible deformation for the 
cantilever mode of wall movement. This effect will be accumulated to the subsequent 
stage of the excavation, but reducing when the values of H/L increase. Moreover, the 
larger strut spacing (h = 3 m.) produced a higher Erh than the narrower strut spacing (h = 
1 m. and h = 2 m.), but the effect of strut spacing seem to be reduced (Ehr approach to 1) 
for large values of H/L. Additional investigation was performed to compare the MSD 
results with previous FE results from Hashash & Whittle (1996).. The predicted 
maximum lateral wall deflection (δhm) versus excavation depth (H) and strut spacing (h) 
are shown in Figure 3.11. From Figure 3.11, the predicted values of δhm from MSD HS 
normally overestimate the predicted values from FE MIT-E3, which is similar to the 
previous analysis results in this study. 
 For the effect on the excavation width (B), Figure 3.12 shows the reduction of Erh 
values when the excavation width (B) increase. Additionally, the values of Erh approach 
unity [(δhm/H)MSD = (δhm/H)FEM] when the values of excavation width (B) approximately 
equal to the wavelength, l = αs (Figure 3.4). This conclusion supports the assumption 
made by Bolton (1993) that, the size and shape of plastic zone was limited by the 
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excavation depth (B) [Figure 3.6(a)]. The effect of hard layer underneath the excavation 
base is shown in Figure 3.13. It shows that, the hard soil strata will predominantly affect 
shapes and magnitudes of the predicted lateral wall deflection when the value of T/B is 
greater than 0.4 (Kung et al. 2007). 
3.8.2 Effect of the soil properties and wall stiffness 
The analysis in the previous section demonstrates the effect of excavation geometries to 
the ground movement predicted using MSD method. In this section, the soil and wall 
properties in FE analysis will be varied, and the results will be compared with the MSD 
method. So, the effects of soil properties and retaining wall stiffness to the ground 
movement predicted using MSD method can be explored in this section. 
The studies from many previous researchers (Clough & O’Rourke 1990, Goh 
1994, Long 2001) show that, the wall stiffness has a significant influence to the 
mechanism of ground movement (Long 2001). Thus, the effect of wall stiffness to the 
ground movement was investigated using FE analysis. Figure 3.14(a) shows the plot 
between Erh and the retaining wall stiffness (EwI) for the different values of strut spacing 
(h), where Ew is the wall Young’s modulus and I is the wall moment of inertial. Erh was 
also plotted with the system stiffness defined by Clough & O’ Rourke (1990) in Figure 
3.14(b), but there is no discernable pattern in this plot. There may be some evidence of 
less scatter of the Erh values with reducing EwI in Figure 3.14(a). However, the purpose of 
this section is to determine the range of parameters where the MSD method would 
provide the most reasonable prediction for both magnitude and movement trend of lateral 
wall deflections. So, the movement profiles of diaphragm wall and sheet pile wall from 
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FE analysis compared with MSD method were plotted in Figure 3.15. It can be seen that, 
the movement profiles of the diaphragm wall is very similar to the movement profiles 
predicted using MSD method. The reason is the cantilever mode of lateral wall deflection 
in the MSD calculation is assumed to move rigidly. Thus, the MSD calculation is more 
suitable for the diaphragm wall than for very flexible wall such as sheet pile wall.  
The effect of the undrained shear strength (cu) was illustrated in Figure 3.16(a) 
and 3.16(b). Figure 3.16(a) shows that, the Erh values are less scatter if the average 
undrained shear strength of soil (cu) is higher than 50 kN/m2 or the soil is medium stiff 
clay (Craig 2004). Figure 3.16(b) shows that (δhm/H)MSD for soil with undrained shear 
strength (cu) lower than 50 kN/m2 is 1.1 to 1.4 times higher than the FE analysis results.  
In the MSD calculation, the values of (δhm)MSD are estimated based on a measured 
stress-strain relationship, which depends on the variation of the coefficient of earth 
pressure at rest (K0) and the over consolidation ratio (OCR) (Osman & Bolton, 2006). So, 
the FE analysis with different values of the coefficient of earth pressure at rest (K0) was 
performed hereafter. Figure 3.17 shows that increasing the coefficient of earth pressure at 
rest (K0) in the FE analysis will predominantly influence the Erh values, especially when 
the coefficient of earth pressure at rest (K0) is higher than 0.8. The same difficulty was 
observed when the effects of over consolidation ratio (OCR) were studied. Since these 
parameters cannot be incorporated into the hyperbolic soil model with undrained strength 
parameters, the results of predicted δh using hyperbolic soil model was compared with the 
previous MSD calculation study by Osman & Bolton (2006). Figure 3.18(a) compares the 
predicted lateral wall deflection (δh) between non-linear finite element analysis by 
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Hashash & Whittle (1996) and MSD combined with MIT-E3 soil model by Osman & 
Bolton (2006). In the figure, MSD MIT-E3 denotes the predicted curve from MSD 
method combined with MIT-E3 soil model and FE MIT-E3 denotes the predicted curve 
from finite element analysis with MIT-E3 soil model. Figure 3.18(b) presents the results 
in this study and the predicted δh using MSD method with Hardening Soil model and the 
results are denoted by MSD HS. 
For OCR equal to 1 (cu/σ’v = 0.21), the results show that lateral wall deflections 
predicted using MSD HS are higher than those using MSD MIT-E3 and FE MIT-E3, 
when the length of wall equal to 20 m. The values predicted by MSD HS are closer to 
those predicted by FE MIT-E3 when the length of wall increases to 60 m. The reason is 
that, when cmob approaches cu, the values of γmob predicted from hyperbolic curve is 
higher than γmob predicted from MIT-E3 soil model at the same level of cmob. For the case 
of higher OCR (OCR = 4, cu/σ’v = 0.77) or stiffer soils, MSD HS and MSD MIT-E3 
produce similar results. This is because the predicted values of γmob from MSD HS and 
MSD MIT-E3 are the same when cmob is low. The discrepancies between MSD MIT-E3 
and FE MIT-E3 predicted values as explained by Osman & Bolton (2006) are due to the 
simplification of the wall end condition (α) and the use of cosine function to calculate the 






3.9 Limitation of MSD method and its development 
 
The parametric study in the previous section has been conducted in order to observe the 
behavior of excavation-induced ground movement and determine the limitations of MSD 
method proposed by Osman & Bolton (2006). Excluding the limitations produced from 
the hyperbolic soil model, a clear distinction between ground movements predicted from 
MSD method and FE analysis were found for the cases of narrow excavation, flexible 
retaining wall and the other limitations presented in section 3.8. 
 In order to improve the MSD method, Bolton (2008) developed the MSD method 
to be able to incorporate more parameters in the calculation. First, the shape and size of 
the plastic zone (deformation zone) has been modified to take in to account the effects of 
excavation width (B) and the depth of the hard stratum (T). For this modification, a 
deformation pattern similar to that shown in Figure 3.6 has been proposed. A new rule 
has been introduced for the wavelength (l = αs) calculation, which is now taken as the 
smaller of 1.5s or the depth from the bottom prop to a hard stratum. Second, an energy 
formulation capable of accounting for the influence of structural stiffness (EwI) and soil 
layers has been provided. Moreover, Bolton (2008) recommended on the effect of soil 
properties based on his study that “Fortunately, it seems that deformation mechanisms do 
not much depend on soil properties, or even on gentle variations in stratigraphy. But 
mechanisms must depend on major geometrical constraints of excavations such as the 
width to depth ratio, the wall depth to bedrock depth ratio, and presence of a base-
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grouted plug, for example. The MSD method is sufficient to assess the likelihood of 
damage to neighboring services and buildings”.   
 
3.10 Comparison of the predicted ground movement 
 
In this section, the ground movements predicted from MSD method, the method proposed 
by Clough & O’Rourke (1990) and Kung et al. (2007) were compared with the field 
measurement. So, the accuracy of each prediction methods can be determined and 
compared. The normalized maximum lateral wall deflections predicted using MSD 
method, the well-know empirical method proposed by Clough & O’Rourke (1990), and 
the KJHH model proposed by Kung et al. (2007) compared with the field measurement 
are plotted in Figure 3.19 and 3.20. From Figure 3.19, the compared data was selected 
from the case histories that the authors used to verify their semi-empirical model (KJHH 
model). Figure 3.19 and 3.20 shows that the lateral wall deflection predicted using MSD 
method and KJHH model provide a reasonable prediction compared with the field 
measurement. Please note that, some parameters of the case histories in Group II were 
assumed. 
The normalized maximum lateral wall deflections predicted using MSD method 
for the case histories Group I were plotted against field measurement in Figure 3.21. 
Figure 3.21 shows that, the lateral wall deflection predicted using MSD method of the 
case histories in Group I falls within the ± 20% boundary, when the case of narrow 
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excavation (B < wavelength) and Bangkok MRT cases were not considered. According to 
the results of parametric study, the over-predicted ground movement for the case of 
Bangkok MRT may be caused by the simplification of a single soil layer in the MSD 
calculation and the complexity of the ground movement mechanism. Based on the 
comparison between predicted ground movement and the field measurement in this study, 
the wall stiffness (EwI) seem to have less effects to the predicted ground movement using 
MSD method than the excavation width (B), since the results show a reasonable predicted 
ground movement (within the ± 20% boundary) for the wide range of wall stiffness 
parameters (106 – 1,507 MNm2/m). 
 
3.11 Estimation of the ground movement prediction 
model uncertainties 
 
In this section, the model uncertainty of the lateral wall deflections predicted using MSD 
method will be determined. As shown in the previous section, MSD method may provide 
more reasonable predicted results of lateral wall deflections. Moreover, the model 
uncertainties of the KJHH model have already been given by the authors in their original 
study. So, only the model uncertainty of ground movement predicted from MSD method 
will be determined in this study. Initially, the model uncertainty of the excavation-
induced lateral wall deflection will be estimated using the empirical calibration. 
Normally, model factors or a simple model bias will be used to represent the model 
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uncertainty. Phoon et al. (2003) stated that, the model factors can be defined in many 
different ways. Lui (2000) determined the model bias of the theoretically-designed 
embedment length for the cantilever wall embedded in cohesionless soil using regression 
analysis. A number of 20 case histories of cantilever wall were used to calibrate the 
probabilistic model. Similar to the study by Lui (2000), three types of model factors have 
been defined in this section. The suitable model factors used for further serviceability 
RBD design of deep excavation will be summarized at the end of this section. 
3.11.1 Database 
The parametric study reveal that, the MSD method seems to provide a poor estimation of 
ground movement when the width (B) of the interested excavation site is wider than the 
wavelength (l = αs), the ratio between depth of the hard stratum underneath the 
excavation base (T) and the excavation width (B) is larger than 0.4, and the retaining wall 
is rigid. The parameters that lead to poor estimation of lateral wall deflection as explained 
earlier will be defined as “out-of-range parameters”. At the moment, only the case 
histories which do not contain those out-of-range parameters were used to quantify the 
model uncertainty of maximum lateral wall deflection predicted using MSD method. 
These 9 case histories contain 39 data points of measured lateral wall deflection, 
collected from the works done by Kung et al. (2007) and Wang et al. (2005), and they are 
summarized in Table 3.5. Please note that, the lateral wall deflection of the cantilever 





3.11.2 Development of the model factors 
Generally, the values of excavation-induced maximum lateral wall deflection estimated 
from empirical methods are given in the form of relationship between normalized 
maximum lateral wall deflections (δhm/H)FIELD versus the excavation depth (H). The 
worldwide database collected by Long (2001) shows that, the values of normalized 
maximum lateral wall deflection are normally decrease when the excavation depth (H) 
increase. Clough & O’Rourke (1990) proposed to relate the normalized maximum lateral 
wall deflection (δhm/H)FIELD with system stiffness of the retaining wall (EI/γwh4avg) and 
factor of safety against basal heave. In this case, the method for calculate factor of safety 
against basal heave recommended by Bjerrum & Eide (1956) will be employed (suitable 
for the case with H/B > 1). Figure 3.22 shows that, the measured lateral wall deflections 
of the selected case histories normally fall outside the range estimated from this well-
known empirical chart. Long (2001) and Moormann (2004) concluded that, it is difficult 
to draw the trend of relationship between the excavation-induced lateral wall deflections 
measured from the field and the system stiffness of the retaining wall system. Further 
investigation by Moormann (2004) found that, the maximum lateral wall deflections 
measure from the field are not affected by the support spacing (strut spacing) and 
embedded length (D) of the retaining wall. Based on this information, the approaches to 
quantify the model uncertainty were established in the subsequent section. 
Similar to the study performed by Lui (2000), the uncertainty of the predicted 
maximum lateral wall deflection can be quantified by two alternative approaches. The 
first approach is to calculate the ratio between the observed values and the predicted 
values, and another approach is to perform the regression analysis using the predicted 
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values as the predictor variable. In his study, the coefficient of determination (R2) was 
used to justify the most suitable probabilistic model. Moreover, the diagnostic checks are 
required to prove that selected probabilistic model based on R2 value is satisfied the 
probability theory. In this study, both approaches of uncertainty quantification were 
applied to the maximum lateral wall deflections and its normalized values. The details are 
given in the following section. 
3.11.2.1 Correction on (δhm)MSD and (δhm/H)MSD using the ratio method 
For this approach, the model factors were applied to the predicted values of excavation-
induced lateral wall deflection and its normalized values as shown in Eq. (3.10). It can be 
seen that, Eq. (3.10a) and (3.10b) is equal, so the same results were expected from the 
regression analysis. 
(δhm)FIELD = CF x (δhm)MSD     (3.10a) 
(δhm/H)FIELD = CF x (δhm/H)MSD    (3.10b) 
The model factors given in Eq. (3.10) were defined in term of the excavation 
depth (H) based on the relationship shown in Figure 3.23. 
CF = A + B x H + ε     (3.11) 
The analysis results are given in Figure 3.24 and Table 3.6, in which CF is the correction 
factor on (δhm)MSD or (δhm/H)MSD, A and B are the regression parameters, (δhm)MSD is the 
maximum lateral wall deflections predicted from the MSD method, (δhm)FIELD is the 
maximum lateral wall deflections measured from the field, and ε is the random model 
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error with the mean error (µε) and standard deviation (σε). Note that the regression 
equation in this section [Eq. (3.11)] is dimensionless. 
3.11.2.2 Correction on (δhm)MSD and (δhm/H)MSD using the linear function method 
Another approach of model factors is using (δhm)MSD and (δhm/H)MSD as the prediction 
parameters which are shown in Eq. (3.12). 
(δhm)FIELD = A + B x (δhm)MSD + ε    (3.12a) 
(δhm/H)FIELD = A + B x (δhm/H)MSD + ε   (3.12b) 
in which A and B are the regression parameters, (δhm)MSD and (δhm/H)MSD are the 
maximum lateral wall deflections and its normalized values predicted from the MSD 
method, (δhm)MSD and (δhm/H)MSD are the maximum lateral wall deflections and its 
normalized values measured from the field, and ε is the random model error with the 
mean error (µε) and standard deviation (σε). Note that the unit of regression parameter A, 
µε and σε in Eq. (3.12a) are in millimeter, while the regression parameter B is 
dimensionless. For Eq. (3.12b), the unit of regression parameter A, µε and σε are in 
percent (%), and the regression parameter B is dimensionless. The analysis results of this 
section are given in Table 3.7, with the regression plots shown in Figure 3.25 and 3.26. 
3.11.3 Selection of the model factor approach 
Comparison of the regression analysis results are presented in Table 3.8. The analysis 
results show that, the model factor defined using the values of (δhm)MSD as the predictor 
[Eq. (3.12a)] has the highest R2 (90.1%) value. Although, the regression analysis seem to 
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provide the reasonable probabilistic model established from the real field measurements, 
but it should be also satisfied the basic assumptions of probability theory (Liu 2000). 
Hence, the error term (ε) should satisfy 3 conditions, which are constant variance, 
independent, and normality. So, the error term (ε) computed based on Eq. (3.12a) was 
analyzed using the statistical program, Minitab. Figure 3.27 and 3.28 shows that, the error 
term is independent from the (δhm)MSD and (δhm)FIELD predicted from the regression 
equation, respectively. Addition analysis using Minitab shows the Pearson’s correlation 
(ρ) between the model error and (δhm)MSD approximately equal to zero with p-value = 1, 
while the Pearson’s correlation (ρ) between the model error and (δhm)FIELD equal to 0.31 
with p-value = 0.06. Thus, the null hypothesis of non-correlated cannot be rejected at 5% 
significant level. Moreover, the normality test using the graphical method in Figure 3.29 
and 3.30 shows that, the model error is roughly normally distributed with zero mean and 





Figure 3.1 Maximum lateral wall deflections (δhm) of the case histories Group I and II 
 
 





























Figure 3.3 The normalized maximum lateral wall deflection (δhm/H)FIELD plotted against 
normalized maximum ground settlement (δvm/H)FIELD of the selected case histories 
 
 
Figure 3.4 Plastic deformation mechanisms for braced excavation in clay proposed by 

















l = αs 












Figure 3.6 Shape and size of the plastic zone controlled by excavation width (B) and the 








c2 cu at L/2 is equal to: 




Figure 3.7 Finite element model for the parametric study 
 
Figure 3.8 Comparison between normalized maximum lateral wall deflections predicted 
















L = 20, 25, 30 m. 
B/2 = 5, 10, 25, 40 m. 
h = 1, 2, 3 m. 
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Figure 3.9 Comparison between normalized maximum ground settlement at the final 






































= plotted against H/L of the different wall 










D-Wall (EwI = 1,440 MNm2/m)
h = 1 m.
h = 2 m.










Sheet Pile Wall (EwI = 77 MNm2/m)
h = 1 m.
h = 2 m.










Sheet Pile Wall (EwI = 19 MNm2/m)
h = 1 m.
h = 2 m.




Figure 3.11 Comparison of the predicted maximum lateral wall deflection (δhm) between 
this study and numerical analysis by Hashash & Whittle (1996) for the diaphragm wall 
















Sheet Pile Wall (EwI = 77 MNm2/m)
L = 25.0 m.






          
           
     
 
     
     
     
     
     
     
     
     
     
     
     
 
 
      
      
           
           
Figure 3.13 Effect of hard stratum to the predicted lateral wall deflection values (L = 25.0 























FEM (T/B = 0.56)
FEM (T/B = 0.40)







Figure 3.14(a) Effect of the wall stiffness (EwI), and (b) System stiffness (EwI/γwh4) to the 



















D-Wall, EI = 1,440 kNm2/m 
Retaining Wall, EI = 77 kNm2/m 
Retaining Wall, EI = 19 kNm2/m 
D-Wall, EI = 1,440 kNm2/m 
Retaining Wall, EI = 77 kNm2/m 




Figure 3.15 Movement profiles of diaphragm wall and sheet pile wall from FE analysis 
compared with MSD method when the excavation depth (H) equal to 2, 10 and 14 m. (L 















Figure 3.16(a) Effect of the undrained shear strength of soil (cu) to the values of Erh, and 





























(EwI = 77 kNm2/m, L = 25.0 m., h = 2.0 m.)
Cu =35.0 kPa
Cu = 50.0 kPa
Cu = 72.5 kPa
Cu = 87.5 kPa
Cu = 97.5 kPa

































Figure 3.18(a) Comparison between MSD MIT-E3 and FE MIT-E3 for lateral 
displacement profile by Osman & Bolton (2006) (b) Predicted lateral displacement 




Figure 3.19 Normalized maximum lateral wall deflections (δhm/H)i predicted using MSD 
method, KJHH model and method proposed by Clough & O’Rourke (1990)* compared 




Figure 3.20 Normalized maximum lateral wall deflections (δhm/H)i predicted using MSD 




































Figure 3.21 Comparison between the predicted normalized maximum lateral wall 
deflection (δhm/H)MSD and field measurements (δhm/H)FIELD of the case histories Group I 
 
 
Figure 3.22 Measured normalized maximum lateral wall deflection plots against system 































































Site/MSD =  0.7780 + 0.01600 H
 






































Site =  - 12.86 + 1.190 MSD
 





















NormSite =  0.02374 + 0.8993 NormMSD
 






















































































Figure 3.30 The probability plot of model error (ε) 
Model error (ε) 



















1 BKK MRTA Silom 
(DS1) Top-Down 5 
           
33.0  
           
32.6  
           
46.0        3,572.0             67.0  Hooi (2003) 
2 BKK MRTA Silom 
(DS3) Top-Down 5 
           
33.0  
           
32.6  
           
46.0        3,572.0             67.0  Hooi (2003) 
3 BKK MRTA Silom 
(DS4) Top-Down 5 
           
33.0  
           
32.6  
           
46.0        3,572.0           111.0  Hooi (2003) 
4 BKK MRTA Silom 
(DS8) Top-Down 5 
           
33.0  
           
32.6  
           
46.0        3,572.0           111.0  Hooi (2003) 
5 BKK MRTA Sirikit 
(DS1) Top-Down 4 
           
42.0  
           
23.6  
           
32.0        2,075.0             69.0  Hooi (2003) 
6 BKK MRTA Sirikit 
(DS3) Top-Down 4 
           
42.0  
           
23.6  
           
32.0        2,075.0             65.0  Hooi (2003) 
7 BKK MRTA Sirikit 
(DS5) Top-Down 4 
           
42.0  
           
23.6  
           
32.0        2,075.0             68.0  Hooi (2003) 
8 BKK MRTA Sirikit 
(DS9) Top-Down 4 
           
42.0  
           
23.6  
           
32.0        2,075.0             69.0  Hooi (2003) 
9 BKK MRTA Thiam 
Ruam Mit (W003) Top-Down 3 
           
42.0  
           
22.4  
           
35.0        2,075.0             44.0  Hooi (2003) 
10 BKK MRTA Thiam 
Ruam Mit (W004) Top-Down 3 
           
42.0  
           
22.4  
           
35.0        2,075.0             44.0  Hooi (2003) 
11 BKK MRTA Thiam 
Ruam Mit (W005) Top-Down 3 
           
42.0  
           
22.4  
           
35.0        2,075.0             81.0  Hooi (2003) 
12 
Formasa Bottom-up 7 
           
33.4  
           
18.5  
           
31.0           918.0             86.0  Kung et al. (2007) 
13 
Taikai Bottom-up 5 
           
54.1  
           
12.6  
           
22.0           447.0             50.0  Kung et al. (2007) 
14 
TNEC Top-Down 7 
           
41.2  
           
19.7  
           
35.0        1,507.0             79.0  Kung et al. (2007) 
 
         




















Far-Eastern Top-Down 6 
           
70.0  
           
20.0  
           
32.5           709.0             73.0  Kung et al. (2007) 
16 
MRT-2 Bottom-up 6 
           
19.0  
           
16.8  
           





           
20.0  
           
16.2  
           
33.0        2,067.0             74.0  Kung et al. (2007) 
18 
Chiching Top-Down 4 
           
31.2  
           
13.9  
           
28.0           151.0             78.0  Kung et al. (2007) 
19 
Sinyi Bottom-up 5 
           
49.3  
           
12.3  
           
21.5           446.0             60.0  Kung et al. (2007) 
20 
Electronics Bottom-up 5 
           
36.0  
           
13.7  
           
28.5           708.0             80.0  Kung et al. (2007) 
21 
Taiwan Sugar Bottom-up 5 
           
35.0  
           
13.2  
           
25.0           106.0             70.0  Kung et al. (2007) 
22 
Subway-2 Bottom-up 6 
           
15.0  
           
19.4  
           
30.0           275.0             84.0  Kung et al. (2007) 
23 
Subway-3 Bottom-up 6 
           
15.0  
           
19.4  
           
30.0           275.0             84.0  Kung et al. (2007) 
24 
Yishan Road Bottom-up 5 
           
17.3  
           
15.5  
           
28.0           540.0             50.0  Wang et al. (2005) 
25 
South Xizan Road Bottom-up 5 
           
22.8  
           
20.6  
           
38.0        1,280.0             50.0  Wang et al. (2005) 
26 
South Pudong Road Bottom-up 5 
           
20.8  
           
17.3  
           
27.0           540.0             50.0  Wang et al. (2005) 
27 
Pudian Road Bottom-up 4 
           
20.4  
           
16.5  
           
26.5           540.0             50.0  Wang et al. (2005) 
28 
Yanchang Road Bottom-up 5 
           
18.1  
           
15.2  
           
27.0           540.0             50.0  Wang et al. (2005) 
 



















1 Chicago Site C North 
Side Sheet pile 3  NG  
             
5.5  
           
16.8   NG             38.0  Gill & Lucus (1990) 
2 Chicago Site C West 
Side Sheet pile 3  NG  
             
7.0  
           
16.8   NG             38.0  Gill & Lucus (1990) 
3 Chicago Site F West 
Side Sheet pile 3  NG  
           
10.4  
           
16.5   NG             37.0  Gill & Lucus (1990) 
4 Chicago Site G East 
Side Sheet pile 4  NG  
           
11.6  
           
18.0   NG             40.0  Gill & Lucus (1990) 
5 Chicago Site H West 
Side Sheet pile 4  NG  
           
12.7  
           
19.8   NG             71.0  Gill & Lucus (1990) 
6 
China Airline Prepakt wall 4 62.0 9.6 16.8 NG 53.7 Ou et al. (1993) 
7 
Taiwan Power Diaphragm 5 60.0 16.2 22.0 NG 45.4 Ou et al. (1993) 
8 
Taiwan Quen-Ming Diaphragm 5 51.6 10.7 17.0 NG 38.9 Ou et al. (1993) 
9 
Taiwan Tax Center Sheet pile 4 54.0 7.7 16.0 NG 28.9 Ou et al. (1993) 
10 Taiwan New Cathay 
Life Diaphragm 8 42.4 21.0 31.0 NG 44.2 Ou et al. (1993) 
11 Singapore CTE Phase 
II Soldier piles 2-5 31.3 9.0 Assumed* NG 50-300 Wong et al. (1997) 
12 Singapore CTE Phase 
II Soldier piles 2-5 31.3 9.0 Assumed* NG 50-300 Wong et al. (1997) 
13 Singapore CTE Phase 
II Soldier piles 2-5 31.3 9.0 Assumed* NG 50-300 Wong et al. (1997) 
14 Singapore CTE Phase 
II Soldier piles 2-5 31.3 10.2 Assumed* NG 50-300 Wong et al. (1997) 
 
         



















15 Singapore CTE Phase 
II Soldier piles 2-5 31.3 10.5 Assumed* NG 50-300 Wong et al. (1997) 
16 Singapore CTE Phase 
II Soldier piles 2-5 31.3 11.5 Assumed* NG 50-300 Wong et al. (1997) 
17 Singapore CTE Phase 
II Soldier piles 2-5 31.3 11.5 Assumed* NG 50-300 Wong et al. (1997) 
18 Singapore CTE Phase 
II Sheet H piles 2-5 44.5 10.0 Assumed* NG 50-300 Wong et al. (1997) 
19 Singapore CTE Phase 
II Sheet H piles 2-5 44.5 10.0 Assumed* NG 50-300 Wong et al. (1997) 
20 Singapore CTE Phase 
II Sheet H piles 2-5 44.5 10.0 Assumed* NG 50-300 Wong et al. (1997) 
21 Singapore CTE Phase 
II Sheet H piles 2-5 44.5 10.0 Assumed* NG 50-300 Wong et al. (1997) 
22 Singapore CTE Phase 
II Sheet H piles 2-5 44.5 11.0 Assumed* NG 50-300 Wong et al. (1997) 
23 Singapore CTE Phase 
II Sheet H piles 2-5 44.5 11.5 Assumed* NG 50-300 Wong et al. (1997) 
24 Singapore CTE Phase 
II Sheet H piles 2-5 44.5 11.5 Assumed* NG 50-300 Wong et al. (1997) 
25 Singapore CTE Phase 
II Sheet H piles 2-5 44.5 12.0 Assumed* NG 50-300 Wong et al. (1997) 
26 Singapore CTE Phase 
II Sheet H piles 2-5 73.0 17.0 Assumed* NG 50-300 Wong et al. (1997) 
27 Singapore CTE Phase 
II Sheet H piles 2-5 73.0 17.0 Assumed* NG 50-300 Wong et al. (1997) 
28 Singapore CTE Phase 
II Contiguous 2-5 36.5 11.0 Assumed* NG 50-300 Wong et al. (1997) 
 
         



















29 Singapore CTE Phase 
II Contiguous 2-5 36.5 11.0 Assumed* NG 50-300 Wong et al. (1997) 
30 Singapore CTE Phase 
II Contiguous 2-5 36.5 11.5 Assumed* NG 50-300 Wong et al. (1997) 
31 Singapore CTE Phase 
II Contiguous 2-5 43.5 12.0 Assumed* NG 50-300 Wong et al. (1997) 
32 Singapore CTE Phase 
II Contiguous 2-5 43.5 12.0 Assumed* NG 50-300 Wong et al. (1997) 
33 Singapore CTE Phase 
II Contiguous 2-5 43.5 12.5 Assumed* NG 50-300 Wong et al. (1997) 
34 Singapore CTE Phase 
II Contiguous 2-5 43.5 13.5 Assumed* NG 50-300 Wong et al. (1997) 
35 Singapore CTE Phase 
II Contiguous 2-5 43.5 13.5 Assumed* NG 50-300 Wong et al. (1997) 
36 Singapore CTE Phase 
II Contiguous 2-5 43.5 13.5 Assumed* NG 50-300 Wong et al. (1997) 
37 Singapore CTE Phase 
II Contiguous 2-5 73.0 20.0 Assumed* NG 50-300 Wong et al. (1997) 
38 Singapore CTE Phase 
II Contiguous 2-5 73.0 21.5 Assumed* NG 50-300 Wong et al. (1997) 
39 Singapore CTE Phase 
II Diaphragm 2-5 42.0 13.5 Assumed* NG 50-300 Wong et al. (1997) 
40 Singapore CTE Phase 
II Diaphragm 2-5 42.0 14.5 Assumed* NG 50-300 Wong et al. (1997) 
41 Singapore CTE Phase 
II Soldier piles 2-5 35.0 12.2 Assumed* NG 50-300 Wong et al. (1997) 
42 Singapore CTE Phase 
II Soldier piles 2-5 35.0 12.5 Assumed* NG 50-300 Wong et al. (1997) 
 
         



















43 Singapore CTE Phase 
II Soldier piles 2-5 35.0 12.5 Assumed* NG 50-300 Wong et al. (1997) 
44 Singapore CTE Phase 
II Soldier piles 2-5 46.5 16.0 Assumed* NG 50-300 Wong et al. (1997) 
45 Singapore CTE Phase 
II Soldier piles 2-5 46.5 15.0 Assumed* NG 50-300 Wong et al. (1997) 
46 Singapore CTE Phase 
II Soldier piles 2-5 46.5 17.0 Assumed* NG 50-300 Wong et al. (1997) 
47 Singapore CTE Phase 
II Soldier piles 2-5 46.5 18.5 Assumed* NG 50-300 Wong et al. (1997) 
48 Singapore CTE Phase 
II Soldier piles 2-5 46.5 19.0 Assumed* NG 50-300 Wong et al. (1997) 
49 Singapore CTE Phase 
II Diaphragm 2-5 42.0 10.0 Assumed* NG 50-300 Wong et al. (1997) 
50 Singapore CTE Phase 
II Sheet H piles 2-5 44.5 10.0 Assumed* NG 50-300 Wong et al. (1997) 
51 Singapore CTE Phase 
II Sheet H piles 2-5 44.5 11.0 Assumed* NG 50-300 Wong et al. (1997) 
52 Singapore CTE Phase 
II Contiguous 2-5 43.5 14.0 Assumed* NG 50-300 Wong et al. (1997) 
53 Singapore CTE Phase 
II Arbed wall 2-5 47.5 15.0 Assumed* NG 50-300 Wong et al. (1997) 
54 Singapore CTE Phase 
II Contiguous 2-5 73.0 17.0 Assumed* NG 50-300 Wong et al. (1997) 
55 Singapore CTE Phase 
II Sheet H piles 2-5 73.0 17.0 Assumed* NG 50-300 Wong et al. (1997) 
56 Singapore CTE Phase 
II Arbed wall 2-5 52.0 17.5 Assumed* NG 50-300 Wong et al. (1997) 
 
         



















57 Singapore CTE Phase 
II Contiguous 2-5 73.0 18.5 Assumed* NG 50-300 Wong et al. (1997) 
58 Singapore CTE Phase 
II Arbed wall 2-5 52.0 19.0 Assumed* NG 50-300 Wong et al. (1997) 
Remark:  
NG  = Not Given 
Assumed* = Length of wall assumed from wall and soil profiles given in the study by Wong et al. (1997) 
 
 





OCR = Overconsolidation ratio 
PI = Plasticity index 
Source: NAFEC 7.1 
 
PI < 30 30 <PI < 50 PI > 50 
< 3 600 300 125 
3 to 5 400 200 75 
> 5 150 75 50 
 
Table 3.3 Undrained stiffness of cohesive soil (Eu) 
 
No. Material Material Model Material properties 
1 Soil HS model 
cu = 35.0, 50.0, 72.5, 87.5, 97.5, 112.5 kN/m2 
Rf = qf/qa = 0.99, νur = 0.20, m = 1.0 
Eur = 3E50 




Sheet pile wall) 
Elastic 
EID-Wall = 1,440 MNm2/m 
EIPZ-38 = 77 MNm2/m 
EIPZ-27 = 19 MNm2/m 
3 Strut Elastic EA = 2,000 MN/m 
 
















           
33.4  
           
18.5  
           
31.0           918.0  0.92 
2 
Taikai 5 
           
54.1  
           
12.6  
           
22.0           447.0  0.89 
3 
TNEC 7 
           
41.2  
           
19.7  
           
35.0        1,507.0  1.12 
4 
Far-Eastern 6 
           
70.0  
           
20.0  
           
32.5           709.0  0.60 
5 
Chiching 4 
           
31.2  
           
13.9  
           
28.0           151.0  0.83 
6 
Sinyi 5 
           
49.3  
           
12.3  
           
21.5           446.0  0.93 
7 
Electronics 5 
           
36.0  
           
13.7  
           
28.5           708.0  1.00 
8 
Taiwan Sugar 5 
           
35.0  
           
13.2  
           
25.0           106.0  1.29 
9 
Pudian Road 4 
           
28.4  
           
16.5  
           
26.5           540.0  0.48 
 
Table 3.5 Case histories used to quantify the model uncertainty of the maximum lateral 
wall deflection predicted using the MSD method 
 
 
Eq. Model Factors Regression factor Model factors R2 
 
3.10 CF = A + BxH + ε A = 0.778 
B = 0.016 
m ε = 0 




Table 3.6 Regression analysis of correction factor using ratio method 
Eq. Regression Equation Regression factor Model factors R2 
 
3.12a (δhm)FIELD = A + Bx(δhm)MSD + ε A = -12.862 mm. 
B = 1.190 
µε = 0 mm. 
σε = 11.272 mm. 
 
90.1% 
3.12b (δhm/H)FIELD = A + Bx(δhm/H)MSD + ε A = 0.024% 
B = 0.899 
µε = 0% 




Table 3.7 Regression analysis of correction factor using linear function method 
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Eq. Sample Size Predictor Response A B µε σε R2 
3.10 39 H CF 0.778 0.016 0 0.203 12.0% 
3.12a 39 (δhm)MSD (δhm)FIELD -12.862 mm. 1.190 0 mm. 11.272 mm. 90.1% 
3.12b 39 (δhm/H)MSD (δhm/H)FIELD 0.024% 0.899 0% 0.119% 49.8% 
 









In the previous chapter, the model error of maximum lateral wall deflection predicted 
using MSD method was characterized using the linear regression equation from 39 data 
points, and can be written as; 
(δhm)FIELD = -12.862 + 1.19(δhm)MSD + ε   (4.1) 
where (δhm)FIELD and (δhm)MSD are the maximum lateral wall deflection measured from 
field and predicted using MSD method, respectively, in mm. The model error (ε) found 
from the analysis has mean value (µε) approximately equal to 0 and standard deviation 
(σε) equal to 11.27 mm. Note that the above regression equation is not dimensionless. 
 It can be seen that, the model error in Eq. (4.1) was characterized without 
considering the effects of many important design parameters. This may lead to an 
unexpected bias when Eq. (4.1) is applied to the excavation cases outside the calibration 
domain. One reason is that, MSD is an empirical-based approximation method which 
does not take into account many design parameters, for example the wall stiffness (EwI), 
excavation width (B) and the effect of hard stratum underneath the excavation base. 
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Moreover, it is worthy to investigate if Eq. (4.1) can be applied to general cases, since the 
number of data points used to calibrate Eq. (4.1) was limited.  
Recently, model errors of existing prediction models used in the routine design or 
model errors of the innovative prediction models in the field of geotechnical engineering 
were characterized by some researchers. The works done by Kung et al. (2007) and 
Schuster (2008) are some of the research examples on identifying the model errors for 
their developed ground movement prediction model. In their work, the uncertainty of the 
ground movement prediction model can be described using the “bias factor” (Kung et al. 
2007) as shown in the Eq. (4.2). 
BF = Observed Values/Estimated Values   (4.2)
 
Generally, uncertainties of geotechnical designs were caused by two primary 
sources (Zhang et al. 2008 and Phoon 2008), which are the errors arising from input 
parameters and geotechnical calculation models used in the designs. Tang (1988) 
incorporated all the uncertainties arising from both sources for the offshore axial pile 
capacity estimation methods. The sources of uncertainties studied by Tang (1988) are the 
model error corresponding to the prediction methods (Nm), model error associated with 
load test procedures (Nf), effect of soil parameters (Ns), and the factors which were not 
normally accounted in the prediction model (No). In his work, all of the uncertainties 
affected by those various sources were combined and described by the following 
equation; 
Q = NiQc     (4.3) 
Ni = NmNfNsNo    (4.4) 
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in which Q is the actual axial pile capacity, Ni is the correction factor which combined all 
the sources of uncertainties state above and Qc is calculated axial pile capacity. All the 
bias factors were assumed to be statistically independent. The mean value ( iN ) and COV 
( iΩ ) are used to represented the uncertainty of the bias factor. Since the variation of Ni 
can be explained by its mean values ( iN ) and COV ( iΩ ); thus, the mean values and COV 
of the true axial pile capacity can be calculated as; 
f s oN N N N Qm cQ =      (4.5) 
2 2 2 2
Q m f s oΩ = Ω + Ω + Ω + Ω     (4.6) 
in which Q  and QΩ  are the mean value and COV of real axial pile capacity, respectively. 
In this study, the technique described by Tang (1988) is adopted to characterize 
the uncertainties of the maximum lateral wall deflection predicted using MSD method. 
Based on Eq. (4.5) and (4.6), the mean value and COV of (δhm)FIELD can be estimated 
from (δhm)MSD as; 
( ) BF ( )ihm hmFIELD MSDδ δ=     (4.7) 
2
FIELD iΩ = Ω∑      (4.8) 
in which, ( )hm FIELDδ  is the mean values of maximum lateral wall deflection 
measured at site, ( )hm MSDδ  is the mean values of maximum lateral wall deflection 
predicted using MSD method, BFi  is the mean values of the bias factors, FIELDΩ  is the 
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COV of the maximum lateral wall deflection measured at site and iΩ  is the COV of the 
bias factors. Ideally, the bias factor should be defined with respect to the different values 
of design parameters, there are seldom sufficient data to do this. So, the data will be 
generated using the Finite Element (FE) program, and prior to that, the verification of the 
FE model with the good quality case histories is required. In Chapter 3, FE model has 
already been well calibrated with the field data. Note that, the maximum lateral wall 
deflection calculated using FE analysis in this chapter will be represented as (δhm)computed, 
in order to avoid overlapping with (δhm)FEM used for parametric study in the previous 
chapter. At this point, (δhm)FIELD is assumed to be equal to (δhm)computed, which is a fairly 
reasonable assumption in the absence of extensive high quality field data. Thus, Eq. (4.7) 
and (4.8) can be rewritten as; 
( ) BF ( )ihm hmcomputed MSDδ δ=     (4.9) 
2
computed iΩ = Ω∑      (4.10) 
in which ( )hm computedδ  and Ωcomputed are the mean values and COV of the maximum lateral 
wall deflection generated from the FE analysis, respectively. Recalling Eq. (3.1) to Eq. 
(3.8), the values of (δhm)MSD are generally a function of undrained shear strength of soil 
(cu), initial soil stiffness (Ei), total soil unit weight (γt), excavation depth (H), strut 
spacing (h) and wall length (L). Nevertheless, information from many researchers and 
results from FE analysis in Chapter 3 have confirmed that, the retaining wall stiffness 
(EwI), excavation width (B) and the depth of hard strata underneath the excavation base 
(T) also contribute fairly significantly to the magnitude of maximum lateral wall 
97 
 
deflection. So, the bias factors arising from these input parameters should be 
characterized. Moreover, the uncertainty due to the prediction model itself (MSD 
method) is important. This uncertainty may be caused by many factors which will be 
explained in the following subsection. According to Eq. (4.9), (δhm)computed can be 
calculated from; 
( ) ( )hm computed m s o hm MSDBF BF BFδ δ=    (4.11) 
Where the bias factors are; 
BFm : Bias factor due to the prediction model, 
BFs : Bias factor due to the parameter input, which includes inherent spatial 
variability of soil parameters and systematic error of soil parameters (Tang 
1988), and 
BFo : Bias factor due to other important parameters which were not included in 
the prediction model. 
Since the values of (δhm)computed can be estimated from the random variable BFi = 
BFmBFsBFo, so it is a random variable, where its variation can be explained by the 
statistical parameters, mean and COV. The mean values [ ( )hm computedδ ] and COV 
(Ωcomputed) of (δhm)computed can be calculated from; 
( ) BF BF BF ( )m s ohm hmcomputed MSDδ δ=     (4.12) 
2 2 2
computed m s oΩ = Ω + Ω + Ω      (4.13) 
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4.2 Bias factors calculation 
 
The bias factors arising from various sources of uncertainties will be identified in this 
section. Based on previous studies, field measurements are normally used for 
characterizing the bias factors of the geotechnical prediction model. These bias factors 
are normally lumped all the uncertainties from different sources and represented by only 
one bias factor. This because the sample size of carefully collected data, that researchers 
usually have access to, is not enough for identifying the bias factors arising from the 
different sources of uncertainties. These problems can be partially solved by using the 
calibrated FE model to generate a sufficiently large sample size for more detailed 
statistical analyses.  
Olson (1984) determined the bias factors of the offshore axial pile prediction 
models by retaining the good quality load tests.  Cases containing known sources of 
errors were screened out. This process brought the number of data from 1004 load tests 
down to 44 load tests. The errors due to prediction model, input parameters, field test, 
laboratory test and other important parameters were later assessed by Tang (1988). The 
procedure applied by Tang (1988) will be followed and will be summarized in the 
following subsections. 
4.2.1 Bias factor due to the input parameters (BFs) 
Many researchers have studied on the uncertainties arising from input soil parameters, for 
examples, Tang (1988), Phoon & Kulhawy (1999) and Fenton et al. (2005). Some of the 
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important aspects related to these sources of uncertainties are summarized in Chapter 2. 
Tang (1988) defined the bias factor of offshore axial pile due to the effects of input 
parameters as the function of inherent spatial variability and overall systematic error of 
soil parameters. The inherent spatial variability of soil is due to the randomly deposit 
process of soil in the nature, while the systematic error is the combination of the effects 
from insufficient numbers of samples, non-standard sampling techniques, non-standard 
laboratory testing and engineering judgments in selecting of soil parameters used in the 
design (Nominal design soil property values). Unlike the field measurement data, soil 
conditions, geometry inputs and boundary condition in the FE analysis are absolutely 
defined by the geotechnical engineers. Hence, the input parameters used in both FE 
analysis and MSD calculation are not different and contained no uncertainties, or 
“unbiased and precise”. Thus, the differences between maximum lateral wall deflections 
predicted from MSD method [(δhm)MSD] and generated using FE analysis [(δhm)computed] are 
purely the error arising from the ground movement prediction model. So, the bias factor 
due to the input parameter (BFs) in Eq. (4.11) has the mean value ( BFs ) and COV ( sΩ ) 
equal to 1 and 0, respectively. Note that, this “unbias and precise” assumption is 
applicable only for the cases that, (δhm)computed is used in Eq. (4.11) instead of (δhm)FIELD. 
For the latter cases, the bias factors proposed in this study should be applied with cares. 
An extensive calibration using available field measurement from the nearby excavation 
sites may have to be conducted to ensure that, the proposed probabilistic model is 




4.2.2 Bias factor due to the prediction model error (BFm) 
The prediction models used in the geotechnical design are another main source of 
uncertainties (Tang 1988, Phoon & Kulhawy 2005). These errors may caused by the 
simplification of the prediction model, numerical errors and assumption used in the 
prediction model development (Zhang et al., 2008). In this study, generated FE analysis 
will be used for determining the bias factor arising from the prediction model of the MSD 
method. The screening process was done based on the parametric study summarized in 
the previous chapter. Only the cases where the MSD method is believed to give a best 
prediction to the FE analysis will be used in this subsection. According to the results from 
parametric study, MSD method seems to provide the best prediction for the cases of wide 
excavation, rigid wall (Diaphragm wall) and when the ratio between depth of hard 
stratum underneath the excavation base and the excavation width (T/B) is greater than 
0.4. Improvement of MSD method developed by Osman & Bolton (2006) was done by 
Lam (2010). In her study, a series of centrifuge tests were conducted in order to assess 
the effect of excavation width, structural strain energy and ground layering to the MSD 
method. The results from the study by Lam (2010) confirmed that, MSD method 
introduced by Osman & Bolton (2006) is suitable for the wide excavation cases. 
However, Lam (2010) only stated that, the effect of structural strain energy of the support 
system (Retaining wall and strut) could be significant if the soil is weak. In other words, 
the effect of wall stiffness will dominate the behavior of wall movement when the soil is 
soft. Moreover, the assumption of total energy flow used in the previous MSD method 
should be replaced by a fully incremental solution, in order to account for the effects of 
soil layering. Hence, the cases which provide the most reasonable prediction of δhm, for 
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both magnitude and deflection trend, to the cases from FE analysis will be used as the 
reference cases. Since the cases of wide excavation, rigid wall and the T/B is greater than 
0.4 are believed to be the cases that MSD method provides the best prediction (Reference 
cases), therefore BFo can be considered as negligible. Thus, Eq. (4.11) can be rewritten 
as; 
( ) ( )hm computed m hm MSDBFδ δ=     (4.14) 
The bias factor BFm represents the prediction model uncertainties, which caused 
by many factors. The errors arising from the use of cosine function as shape of the lateral 
wall deflection in the bulging mode and assumption of wall-end fixity (α) may 
considered as the main sources. 
Appendix A summarizes all details and parameters used for generating artificial 
data in this study. Data for quantifying the model uncertainty are generated based on 
various scenarios of excavation. In order to quantify the uncertainties arising from 
prediction model error (BFm), hypothetical case No. 1 to 54 from Table A1 were used in 
the analysis. The input parameters that MSD method is believed to provide the best 
prediction were applied in the FE analysis of hypothetical case No. 1 to 54. By excluding 
the artificial data of the cantilever mode of wall movement, 306 artificial data were used 
to evaluate the relationships between input parameters and BFm. This 306 artificial data 
can be subdivided into 3 categories of different L and h (N = 102 for each L or h), and 6 
categories of different cu/σ’v (N = 51 for each cu/σ’v). The same amount of artificial data 
(N = 51 for each cu/σ’v) from hypothetical case No. 55 to 108 (Table A1) were used to 
quantify the uncertainties due to the effect of wall stiffness (BFE), when the stiffness of 
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wall (EwI) equal to 80.5 MNm2/m. Likewise, artificial data from hypothetical case No. 
109 to 162 were used in the calculation of BFE when the stiffness of wall (EwI) equal to 
24.2 MNm2/m. For the case of quantifying the uncertainties due to the effect of 
excavation width (BFB), the artificial data from hypothetical case No. 163 to 243 were 
used in the analysis. 459 artificial data were equally subdivided into 3 categories of 
different B (N = 153 for each B), which the values of B are equal to 20 m., 50 m. and 80 
m. Finally, the hypothetical cases No. 244 to 352 were used to quantify the uncertainties 
due to the effect of hard stratum underneath the excavation base (BFT). For these 
hypothetical cases, the depths of hard stratum were modeled at 55 m., 45 m. 35 m. and 25 
m. underneath the ground surface level (GL). In total, 423 artificial data were used to 
determine BFT, which the numbers of artificial data vary from N = 18 to N = 36 were 
used for the different T/B values. 
Figure 4.1 shows the changes of mean values ( BFm ) when the input parameters 
used in the MSD calculation were varied. It can be seen that, BFm  is highly depended on 
the changes of normalized undrained shear strength values of soil (cu/σ’v), while the 
values of BFm  slightly vary between 0.77-0.89 for excavation depth changes from 4-20 
m., 0.81-0.82 for wall length changes from 20-30 m. and 0.78-0.84 for strut spacing 
changes from 1-3 m. Note that, the cantilever mode of lateral wall deflection was not 
included in this analysis. According to the Figure 4.1(d), BFm  increase from 0.70 for 
cu/σ’v = 0.22 to 0.92 for cu/σ’v = 0.40. Table 4.1 summarizes again the mean values ( BFm
) of BFm and its COV ( mΩ ). Figure 4.2 shows the distributions of the BFm based on 
different cu/σ’v. The model uncertainties or bias factors are normally assumed to be log-
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normally distributed in reliability analysis, unless there is strong evidence to reject this 
assumption (Zhang et al. 2008). The probability plot of BFm in Figure 4.3 and the p-
values in Table 4.1 show that, the assumption of log-normal distribution for BFm cannot 
be rejected at 5% significance level. 
4.2.3 Bias factor due to the effect of factors not normally accounted for in BFm 
(BFo) 
As mention earlier, the MSD method introduced by Osman & Bolton (2006) was not 
considering the effects of excavation width (B), wall stiffness (EwI) and the effects of 
hard stratum underneath the excavation base (T). So, the cases which values of B, EwI and 
T were varied in the FE analysis are considered in this subsection. The bias factor BFo 
will be determined by combining the bias factors due to the effects of excavation width 
(B), wall stiffness (EwI) and the hard stratum underneath the excavation base (T). Thus, 
BFo can be calculated from; 
BFo = BFBBFEBFT    (4.15) 
 In order to determine each component of BFo, a number of hypothetical cases 
were analyzed in which these three parameters (B, EwI and T) were varied. For example, 
the value of EwI in the reference cases is the only parameter that was changed, when the 
bias factor due to the effect of wall stiffness (BFE) was evaluated. The same procedure is 
followed when the bias factor due to the effect of excavation width (BFB) and bias factor 
due to the effect of hard stratum underneath the excavation base (BFT) were evaluated.  




4.2.3.1 Bias factor due to the effect of wall stiffness (BFE) 
In section 4.2.2, the stiff wall with wall stiffness (EwI) equal to 1,460 MNm2/m 
(Reference case) was used to determine the bias factor due to the prediction model (BFm). 
In this section, the stiffness values were varied in the FE analysis. Sheet pile wall with 
wall stiffness equal to 24.2 MNm2/m (PZ22) and 80.5 MNm2/m (PZ38) were used to 










=      (4.16) 
in which, (δhm)computed,EI is the maximum lateral wall deflection generated from FE 
analysis with different values of wall stiffness and (δhm)computed is the maximum lateral 
wall deflection of the reference cases, with the wall stiffness equal to 1,460 MNm2/m 
(Diaphragm wall). Figure 4.4 shows the variation of BFE values based on different wall 
stiffness and different values of normalized undrained shear strength of soil (cu/σ’v). 
According to the Figure 4.4, the mean values of BFE ( BFE ) of both sheet pile 
wall PZ22 and PZ38 reduced to be almost identical values when the values of cu/σ’v is 
increasing (cu/σ’v > 0.30). This finding also confirms the results studied by Lim (2010) 
that, the effect of structural stiffness predominantly affects to the magnitude of lateral 
wall deflection when the soil is weak. The statistical values of BFE for both PZ22 and 
PZ38 type of sheet pile wall are summarized in Figure 4.4. The distributions of BFE are 
shown in Figure 4.5 and 4.6 for PZ22 and PZ38, respectively. The probability plot show 
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in Figure 4.7 and 4.8 with the p-values in Figure 4.4 has confirmed that, assumption of 
log-normal distribution of BFE cannot be rejected at 5% significant level. 
4.2.3.2 Bias factor due to the effect of excavation width (BFB) 









=      (4.17) 
in which, (δhm)computed,B is the maximum lateral wall deflection generated from FE 
analysis with different values of excavation width (20 m., 50 m. and 80 m.), and 
(δhm)computed is the maximum lateral wall deflection of the reference cases, with the 
excavation width equal to 100 m. Unlike the bias factor due to the effect of wall stiffness 
(BFE), the mean values of bias factor due to the effect of excavation width ( BFB ) does 
not seem to depend on the normalized undrained shear strength (cu/σ’v) as shown in 
Figure 4.9. The same observation was found from Figure 4.10 that, the mean values of 
bias factor due to the effect of excavation width ( BFB ) are almost constant when the 
length of retaining wall increases. So, BFB was proposed to be a function of B in this 
study. Mean values ( BFB ) and COV ( BΩ ) of BFB are shown in Figure 4.11. According 
to the analysis results in this study, the values of BFB  increase from 0.424 to 0.895 when 
the excavation width increase from 20 m. to 80 m. Moreover, the p-values in Figure 4.11 
confirm that the lognormal distribution is reasonable for the BFB values. The distributions 
of BFB and probability plots are shown in Figure 4.12 and 4.13, respectively. 
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4.2.3.3 Bias factor due to the effect of hard stratum underneath the excavation 
base (BFT) 
In the study by Kung et al. (2007), the deflection reduction factor (K) was defined in Eq. 
(4.18). This deflection reduction factor is used for incorporating the effect of hard stratum 
underneath the excavation base to their developed prediction model.  
K = δhm,m/δhm      (4.18) 
in which δhm,m is the modified maximum lateral wall deflection which consider the effect 
of hard stratum underneath the excavation base, and δhm is maximum lateral wall 
deflection assuming very deep hard stratum (without the effects). Based on their study, 
the effect of hard stratum is to reduce the values of maximum wall deflection when the 
ratio of T/B is less than 0.4, where T is the depth of hard stratum underneath the 
excavation base and B is the excavation width. The values of K can be calculated as; 
K = 1.5(T/B) + 0.4 for T/B ≤ 0.4    (4.19 a) 
K = 1   for T/B > 0.4    (4.19 b) 
 Based on Eq. (4.18), the bias factor due to the hard stratum underneath the 









=      (4.20) 
in which, (δhm)computed,T is the maximum lateral wall deflection generated from FE analysis 
with different values of T/B but less than 0.4, and (δhm)computed is the maximum lateral wall 
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deflection of the reference cases with T/B is greater than 0.4 (T varies from 80 – 100 m.). 
The mean values of BFT ( BFT ) compared with K values found in the study by Kung et al. 
(2007) are plotted in Figure 4.14. The figure shows similar trend of BFT found in this 
study and K values defined by Kung et al. (2007). COV values ( TΩ ) are also available in 
Figure 4.14. The distributions of BFT are presented from Figure 4.15 to 4.17. Figure 4.18 
show the probability plot of BFT, which confirmed the distribution function of BFT is log-
normally distributed. 
4.2.4 Correlation 
In this chapter, the bias factors (BFi) are defined using ratio methods, which can lead to 
statistical dependencies between bias factors and maximum lateral wall deflections 
(Phoon & Kulhawy 2005). However, the bias factors should not depend on any specific 
sets of data, since the application of them should be as general as possible. Phoon & 
Kulhawy (2008) also pointed out some advantages of the statistical independent 
assumption adopted in the geotechnical engineering problems in their study. 
The common measure of correlation is the Pearson’s correlation (ρ), which 
normally ranges from +1 to -1. The values of ρ close to +1 or -1 mean a very strong 
linear relationship between two values. Thus, Pearson’s correlations between the bias 
factors and the maximum lateral wall deflections used to define them were calculated and 
summarized in Table 4.2. The p-values of the bolded cases mean that, the null hypothesis 
of zero correlation is rejected at 5% significant level. However, the cases of BFB and BFT 
are different, since the null hypothesis of zero correlation cannot be rejected at 5% 
significant level (p-values is greater than 0.05).  
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4.3 Application of the computed bias factors 
 
In the previous section, the uncertainties arising from individual sources of error were 
calculated. The errors arising from the input parameters are assumed to be unbiased and 
precise ( sBF  = 1 and = 0), since the parameters included in the FE analysis and used in 
the MSD calculation are not different. The bias factor due to the prediction model errors 
(BFm) and bias factor due to the parameters which were not included in the prediction 
model (BFo) are also defined in this chapter. According to Eq. (4.11) and (4.15), the mean 
values of the maximum lateral wall deflection calculated from MSD method can be 
calculated as show in Eq. (4.24) and (4.25). 
( ) BF BF BF BF ( )m B E Thm hmcomputed MSDδ δ=    (4.24) 
 The COV of (δhm)computed in Eq. (4.13), can be rewritten as; 
2 2 2 2
computed m E B TΩ = Ω + Ω + Ω + Ω     (4.25) 
where the correction factors are assumed to be statistically independent. The bias factors 
defined in this chapter may not involve all the bias factors found in the real field work 
nor applicable with every methods of wall movement prediction. However, other 
important bias factors could be easily added to Eq. (4.24) and (4.25), if they are found to 
be significant. Moreover, the similar approach can be adopted and applied to the other 
method of wall movement prediction, such as a well-know charts developed by Clough & 
O’Rourke (1990). Nevertheless, engineers should avoid duplicate correction with the 
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existing bias factors, when additional bias factor is applied to Eq. (4.24) and (4.25) (Tang 
1989). 
4.3.1 Application example of the proposed probabilistic model 
In this subsection, calculation steps of the probabilistic model proposed in this study will 
be explained. To illustrate the application of bias factors calculated in this study to the 
maximum lateral wall deflection predicted using MSD method, the Taipei National 
Enterprise Center (TNEC) case used in many studies (Ou et al. 1998, 2000, Kung et al. 
2007 and Schuster 2008) was selected as an example. 
The excavation was conducted in Taipei subsoil condition with the properties 
summarized in Table 4.4 (Schuster 2008). Figure 4.19 shows the braced excavation 
design of TNEC case. The retaining wall with 0.9 m-width and 35.0 m-depth was used in 
the construction. 
A step-by-step procedure in applying the bias factors and calculating the COV of 
predicted maximum lateral wall deflection is presented below: 
1. Gather relevant information on the excavation data (Table 4.4 and Figure 4.19). 
2. Calculate (δhm)MSD using the step given by Osman & Bolton (2006) or explained 
in Chapter 3. The example results of the TNEC case are given in the second 
column of Table 4.5. 
3. Determine all the bias factors and COV, as presented in Table 4.3. Interpolation 
might be required at this step. 
4. Calculate the values of ( )hm computedδ  from Eq. (4.24) and computedΩ  from Eq. (4.25). 
The example result of the TNEC case is represented by (δhm)computed in Table 4.5. 
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The FE analysis results and field measurements of the maximum lateral wall 
deflection from TNEC case are also provided in Table 4.5, as represented by (δhm)FEM and 
(δhm)FIELD, respectively. Comparisons between ( )hm computedδ , (δhm)FEM and (δhm)FIELD are 
shown in Figure 4.20. Note that, the cantilever mode of wall movement is not considered 
in this comparison, and COV of the bias factor in this chapter represent the uncertainties 
of the predicted maximum lateral wall deflection arising from the prediction model, 
which is the MSD method. To validate the proposed probabilistic model, same 
calculation procedure with this example was applied in the following section. The 
example results show that, MSD method with appropriate bias factors can compare 
favorably with FE analysis results and field measurements.  
 
4.4 Validation of the probabilistic model 
 
According to Eq. (4.21), the proposed BFm in this chapter is similar to Eq. (3.10), but the 
regression analysis of the proposed BFm in this chapter was calibrated based on the 
changes of cu/σ’v instead of H. This is because, more artificial data generated from FE 
analysis indicate that, BFm is more likely to depended on the changes of cu/σ’v than the 
changes of H (Figure 4.1). 39 data from section 3.11 were re-analyzed in this subsection 
with the range of cu/σ’v provided by the original literature is 0.30-0.32. Figure 4.21 shows 
the histogram of BFm calculated from dividing (δhm)FIELD by (δhm)MSD of 39 data. From the 
figure, mean value of BFm calculated from 39 data is 0.853 with the value of COV equal 
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to 24.9%. A comparison between BFm calculated from 39 data and BFm proposed in 
section 4.2.2 is also shown in Figure 4.21. The p-values from the Mann-Whitney test in 
the figure show that, the null hypothesis of equal medians cannot be rejected at 5% 
significance level. 
Next, the validation of the probabilistic model proposed in this study will be 
performed. Case histories categorized as Group I in Chapter 3 was used in this section. 
The FE analysis of these case histories were conducted and its results [(δhm)FEM] were 
compared with the mean values of maximum lateral wall deflection predicted using Eq. 
(4.24) [ ( )hm computedδ ]. Since the predicted maximum lateral wall deflection [(δhm)computed] is 
a random variable, with its mean [ ( )hm computedδ ] and COV (Ωcomputed); so, the proposed 
probabilistic model will be useful, if (δhm)FEM fall within 95% confident interval of 
(δhm)computed. In addition, the measured maximum lateral wall deflection [(δhm)FIELD] of 
Group I case histories are used as a reference for comparing with ( )hm computedδ  and 
(δhm)FEM only. 
The probabilistic models proposed in this chapter and Eq. (4.1) were used to 
predict the values of δhm and to compare with the FE analysis and field measurement. 
Figure 4.22 shows the comparison of δhm from the 19 cases of Group I in Chapter 3. The 
28 cases in Group I was reduced to 19 cases, since 9 cases from this group were used to 
calculate Eq. (4.1), calibrate BFm of the proposed probabilistic model, and should not be 
used for this comparison. From those 19 cases, only the average values of δhm for the 
cases from Bangkok MRT project are available in the original study. Thus, some cases 
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from Bangkok MRT project were grouped together. Figure 4.22 shows that the MSD 
method becomes more unbiased, when the bias factors proposed in this study were used 
in the calculation. Moreover, the proposed probabilistic model provides a closer 
prediction to the field data than Eq. (4.1), since the effects of many design parameters 
were not included when using Eq. (4.1) for the estimation. In order to evaluate the 
effectiveness of the proposed probabilistic model, the 95% confident interval (CI) was 
calculated. Since ( )hm computedδ  
and Ωcomputed are the mean value and COV of the maximum 
lateral wall deflection calculated from the proposed probabilistic model [(δhm)computed], 
respectively, the equivalent normal mean (λ) and equivalent normal standard deviation 
(ξ) of (δhm)computed  can be calculated from; 
2ln[( ) ] 0.5hm computedλ δ ξ= −     (4.26a) 
( )2ln 1 computedξ = + Ω      (4.26b) 
 So, the 95% confidence interval for (δhm)computed is; 
( 1.96 ) ( 1.96 )( )hm computede e
λ ξ λ ξδ− +≤ ≤     (4.27) 
The comparisons between (δhm)FEM, (δhm)FIELD and 95% CI of (δhm)computed are 
given in Table 4.6, while the mean of maximum lateral wall deflection computed from 
the proposed probabilistic model [ ( )hm computedδ ] plotted against (δhm)FEM and (δhm)FIELD are 
given in Figure 4.23 and 4.24, respectively. Note that, the values of (δhm)FEM and 
(δhm)FIELD of these 19 cases were taken from section 3.7. It can be seen that, most of the 
(δhm)FEM  are fallen within 95% CI, while (δhm)FIELD are more deviated from the interval. 
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This is because the effect of uncertainties arising from the input parameters, when 
(δhm)FIELD is considered. The cases that (δhm)FEM stay out of the range of 95% CI are 
mostly the cases from Bangkok MRT project. The magnitudes of the maximum lateral 
wall deflection from those cases are predominantly control by the cantilever mode of wall 
movement. Thus, the proposed probabilistic model provided a poor estimation for them. 
 
4.5 Predicting the field measurement 
 
Ultimately, predicting the field measurement using proposed probabilistic model is the 
main target of this study. However, there are seldom sufficient field data for 
characterizing the bias factor as explained previously. So, the mean values of maximum 
lateral wall deflection estimated using Eq. (4.24) is assumed to be roughly correct, thus 
the field measurement can be captured by increasing COV beyond the value predicted 
from Eq. (4.25). Hence, back calculation of COV from (δhm)FIELD were conducted 
hereafter. Assuming that, the values of (δhm)FIELD should be in the range of 95% CI, ξ of 
the proposed probabilistic model should be; 









≥     (4.28b) 







ξΩ = −     (4.29) 
The Ωexpected plotted against COV calculated from the proposed probabilistic 
model (Ωcomputed) are given in Table 4.6 and Figure 4.25. An average value of Ωexpected 
from 65 data points is equal to 28.48%, which is higher than COV calculated from the 











Figure 4.1 Changes of mBF  with the variation of (a) Excavation depth (H), (b) Wall 

































































































































Figure 4.2 Distributions of BFm for the case of (a) cu/σ’v = 0.20, (b) cu/σ’v = 0.25, (c) 














































Lognormal - 95% CI
 
Figure 4.3 Probability plot of BFm for the case of (a) cu/σ’v = 0.20, (b) cu/σ’v = 0.25, (c) 








Mean COV (%) 
24.2 
0.20 1.374 10.84 0.834 
0.25 1.293 8.22 0.115 
0.30 1.283 7.96 0.115 
0.33 1.225 9.39 0.645 
0.38 1.246 8.41 0.009 
0.40 1.194 8.15 0.086 
80.5 
0.20 1.257 9.97 0.017 
0.25 1.254 6.41 0.175 
0.30 1.237 6.92 0.525 
0.33 1.197 7.93 0.027 
0.38 1.199 7.22 0.286 
0.40 1.183 7.38 0.089 
 
Figure 4.4 Statistical parameters and variation of EBF  based on different wall stiffness 


















































Figure 4.5 Distributions of BFE for the case of EwI = 24.2 MNm2/m and (a) cu/σ’v = 0.20, 

































































Figure 4.6 Distributions of BFE for the case of EwI = 80.5 MNm2/m and (a) cu/σ’v = 0.20, 














































Lognormal - 95% CI
 
Figure 4.7 Probability plot of BFE for the case of EwI = 24.2 MNm2/m and (a) cu/σ’v = 















































Lognormal - 95% CI
 
Figure 4.8 Probability plot of BFE for the case of EwI = 80.5 MNm2/m and (a) cu/σ’v = 






















B = 20 m.
B = 50 m.









B (m.) N 
BFB 
p-value 
Mean COV (%) 
20 153 0.424 4.71 0.333 
50 153 0.708 2.96 0.359 
80 153 0.895 1.41 0.007 
 
Figure 4.11 Statistical parameters and variation of BBF  based on different excavation 


















B = 20 m.
B = 50 m.






































B = 50 m.












B = 80 m.
Histogram of B = 20 m., B = 50 m., B = 80 m.
Lognormal 
 
































B = 50 m.
B = 80 m.
Probability Plot of B = 20 m., B = 50 m., B = 80 m.
Lognormal - 95% CI
 




T/B N BFT p-value 
Mean COV (%) 
0.14 36 0.683 2.68 0.303 
0.16 36 0.723 2.27 0.513 
0.18 27 0.747 1.75 0.920 
0.20 36 0.768 1.67 0.915 
0.22 18 0.776 1.46 0.801 
0.24 36 0.884 1.98 0.315 
0.26 36 0.906 1.76 0.042 
0.28 27 0.905 1.12 0.796 
0.30 36 0.913 1.26 0.935 
0.32 18 0.921 1.23 0.463 
0.34 31 0.971 1.10 0.802 
0.36 31 0.978 0.87 0.590 
0.38 24 0.983 1.42 0.053 
0.40 31 0.994 0.92 0.584 
 
















































































































T/B = 0.24 T/B = 0.26























Figure 4.16 Distribution of BFT for the case of T/B = 0.22, T/B = 0.24, T/B = 0.26, T/B = 







































T/B = 0.34 T/B = 0.36























Figure 4.17 Distribution of BFT for the case of T/B = 0.32, T/B = 0.34, T/B = 0.36, T/B = 





























































































T/B = 0.16 T/B = 0.18 T/B = 0.20
T/B = 0.22 T/B = 0.24 T/B = 0.26 T/B = 0.28
T/B = 0.30 T/B = 0.32 T/B = 0.34 T/B = 0.36
T/B = 0.38 T/B = 0.40
Lognormal - 95% CI
 











































































Figure 4.22 Comparison between (δhm)i and (δhm)FIELD 
 




































Figure 4.24 Comparison between ( )hm computedδ and (δhm)FIELD 
 




































cu/σ'v N BFm p-value 
Mean COV (%) 
0.20 51 0.689 8.12 0.079 
0.25 51 0.738 6.49 0.199 
0.30 51 0.835 6.98 0.102 
0.33 51 0.887 8.98 0.050 
0.38 51 0.881 9.67 0.065 
0.40 51 0.929 9.53 0.897 
 
Table 4.1 Means and Coefficient of Variation (COV) of BFm values subjected to different 







cu/s'v (δhm/H)FEM (δhm/H)MSD B (m.) (δhm/H)FEM,B (δhm/H)FEM 
ρ p-value ρ p-value ρ p-value ρ p-value 
0.20 -0.140 0.326 -0.415 0.002 20 0.101 0.214 -0.028 0.727 
0.25 -0.087 0.542 -0.320 0.022 50 -0.033 0.686 -0.114 0.159 
0.30 0.033 0.818 -0.236 0.096 80 0.036 0.663 -0.003 0.971 
0.33 0.051 0.721 -0.284 0.043 BFT 
0.38 0.107 0.456 -0.272 0.054 B/T (δhm/H)FEM,T (δhm/H)FEM 
0.40 -0.045 0.754 -0.394 0.004 ρ p-value ρ p-value 
BFE 0.14 0.134 0.437 0.013 0.942 
Wall Type cu/σ'v (δhm/H)FEM,E (δhm/H)FEM 0.16 -0.056 0.746 -0.155 0.365 
ρ p-value ρ p-value 0.18 -0.047 0.816 -0.120 0.550 
PZ22 
0.20 0.149 0.297 -0.255 0.071 0.20 -0.048 0.782 -0.125 0.468 
0.25 -0.681 0.000 -0.827 0.000 0.22 0.111 0.661 0.033 0.897 
0.30 -0.849 0.000 -0.918 0.000 0.24 0.284 0.093 0.212 0.215 
0.33 -0.650 0.000 -0.828 0.000 0.26 0.150 0.383 0.078 0.651 
0.38 -0.851 0.000 -0.922 0.000 0.28 -0.016 0.938 -0.063 0.757 
0.40 -0.731 0.000 -0.855 0.000 0.30 -0.024 0.892 -0.079 0.645 
PZ38 
0.20 -0.031 0.827 -0.368 0.000 0.32 0.336 0.173 0.292 0.240 
0.25 -0.851 0.000 -0.905 0.000 0.34 0.115 0.539 0.067 0.720 
0.30 -0.855 0.000 -0.921 0.000 0.36 0.223 0.228 0.185 0.320 
0.33 -0.615 0.000 -0.786 0.000 0.38 0.078 0.717 0.024 0.912 
0.38 -0.836 0.000 -0.911 0.000 0.40 -0.151 0.418 -0.190 0.305 
0.40 -0.657 0.000 -0.794 0.000 
     
 




cu/σ'v N Statistical Parameters 
Mean COV (%) p-value 
0.20 51 0.689 8.12 0.079 
0.25 51 0.738 6.49 0.199 
0.30 51 0.835 6.98 0.102 
0.33 51 0.887 8.98 0.050 
0.38 51 0.881 9.67 0.065 
0.40 51 0.929 9.53 0.897 
BFE 
Wall Type cu/σ'v N Statistical Parameters 
Mean COV (%) p-value 
PZ22 
0.20 51 1.374 10.84 0.834 
0.25 51 1.293 8.22 0.115 
0.30 51 1.283 7.96 0.115 
0.33 51 1.225 9.39 0.645 
0.38 51 1.246 8.41 0.009 
0.40 51 1.194 8.15 0.086 
PZ38 
0.20 51 1.257 9.97 0.017 
0.25 51 1.254 6.41 0.175 
0.30 51 1.237 6.92 0.525 
0.33 51 1.197 7.93 0.027 
0.38 51 1.199 7.22 0.286 
0.40 51 1.183 7.38 0.089 
BFB 
B (m.) N Statistical Parameters 
Mean COV (%) p-value 
20 153 0.424 4.71 0.333 
50 153 0.708 2.96 0.359 
80 153 0.895 1.41 0.007 
BFT 
T/B N Statistical Parameters 
Mean COV (%) p-value 
0.14 36 0.683 2.68 0.303 
0.16 36 0.723 2.27 0.513 
0.18 27 0.747 1.75 0.920 
0.20 36 0.768 1.67 0.915 
0.22 18 0.776 1.46 0.801 
0.24 36 0.884 1.98 0.315 
0.26 36 0.906 1.76 0.042 
0.28 27 0.905 1.12 0.796 
0.30 36 0.913 1.26 0.935 
0.32 18 0.921 1.23 0.463 
0.34 31 0.971 1.10 0.802 
0.36 31 0.978 0.87 0.590 
0.38 24 0.983 1.42 0.053 
0.40 31 0.994 0.92 0.584 
 




1 Soil Parameters cu/s'v = 0.25 
  Ei/s'v = 500 
Wall Properties L = 35 m. 
  EwI  = 1.46x106 kNm2/m 
Excavation Geometries T = (46 - H) m. 
  B = 41.2 m. 
 
Table 4.4 Input parameters of the Taipei National Enterprise Center (TNEC) case 
H (δhm)MSD BFm BFs BFB BFE BFT 1(δhm)computed 2(δhm)FEM 3(δhm)FIELD 
(m.) (mm.) mBF  mΩ  sBF  sΩ  BBF  BΩ  EBF  EΩ  TBF  TΩ  ( )hm computedδ  (mm.) computedΩ  (%) (mm.) (mm.) 
4.9 37.87 0.74 6.49 1 0 0.63 3.47 1 0 1 0.92 17.46 7.42 18.37 30.00 
8.6 79.17 0.74 6.49 1 0 0.63 3.47 1 0 1 0.92 36.51 7.42 30.26 48.75 
11.8 121.24 0.74 6.49 1 0 0.63 3.47 1 0 1 0.92 55.91 7.42 45.24 71.25 
15.2 184.79 0.74 6.49 1 0 0.63 3.47 1 0 1 0.92 85.22 7.42 70.02 88.13 
17.3 210.92 0.74 6.49 1 0 0.63 3.47 1 0 1 0.92 97.27 7.42 86.54 110.63 
19.7 247.51 0.74 6.49 1 0 0.63 3.47 1 0 1 0.92 114.14 7.42 105.55 116.25 
1 is calculated from Eq. (4.24) and Eq. (4.25) 
2 is generated using FE analysis in this study 
3 is estimated from the wall deflection curve from the studies by Ou et al. (1998) and Kung et al. (2007) 
 
Table 4.5 Bias factors application and uncertainties of (δhm)MSD compared with (δhm)FEM and (δhm)FIELD
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Case No. H ( )hm computedδ  95% CI (δhm)FEM (δhm)FIELD ξexpected COVexpected 
(m.) (mm.) exp(λ+1.96ξ) exp(λ-1.96ξ) (mm.) (mm.) 
 
(%) 
1, 2 6.5 32.35 37.95 27.39 75.89 27.50 0.08 8.13 
  12.4 38.18 44.79 32.33 62.80 27.60 0.16 16.49 
  19.9 61.99 72.71 52.48 59.38 25.83 0.44 46.78 
  25.5 89.05 104.46 75.40 58.08 27.33 0.60 65.95 
  32.6 127.90 150.03 108.29 57.30 36.51 0.64 70.86 
3, 4 6.5 15.23 18.75 12.22 26.54 19.12 0.12 11.95 
  12.4 19.43 23.93 15.60 21.56 19.11 0.01 0.56 
  19.9 27.33 33.65 21.93 34.45 17.65 0.22 22.27 
  25.5 33.05 40.69 26.53 48.54 19.16 0.28 28.04 
  32.6 37.61 46.31 30.19 64.24 27.51 0.16 15.75 
5, 6, 7, 8 3.7 8.92 10.67 7.39 30.70 16.48 0.32 32.37 
  10.8 19.56 23.40 16.20 54.14 26.45 0.16 15.72 
  16.3 26.15 31.28 21.66 63.07 32.64 0.12 11.58 
  23.6 38.66 46.26 32.03 82.82 39.40 0.01 1.19 
9, 10 7.6 74.11 87.00 62.68 338.94 23.95 0.57 62.53 
  17.9 74.11 87.00 62.68 297.62 23.70 0.58 63.22 
  24.3 92.49 108.58 78.23 290.12 22.80 0.71 81.35 
11 7.6 28.34 34.41 23.11 25.25 24.25 0.08 7.71 
  17.9 29.99 36.41 24.45 30.12 26.30 0.06 6.44 
  24.3 38.27 46.46 31.20 38.91 27.65 0.16 16.43 
16 2.2 5.63 6.72 4.67 6.63 0.90 0.93 117.86 
  5.7 14.14 16.89 11.74 14.31 9.95 0.18 17.85 
  8.7 21.44 25.60 17.80 19.71 18.13 0.08 8.34 
  11.7 29.05 34.68 24.12 27.96 25.40 0.07 6.63 
  14.5 35.53 42.43 29.50 34.71 38.12 0.04 3.81 
  16.8 39.06 46.65 32.43 40.25 42.67 0.05 4.73 
17 2.1 5.57 6.61 4.65 6.14 5.45 0.01 0.89 
  3.7 8.88 10.54 7.42 9.74 9.09 0.01 1.40 
  6.6 16.16 19.19 13.50 13.55 20.00 0.11 11.12 
  9.2 20.51 24.35 17.14 17.96 29.09 0.18 18.18 
  11.7 28.57 33.93 23.87 24.78 30.09 0.03 2.85 
  13.7 32.70 38.83 27.32 30.54 32.71 0.00 0.22 
  16.2 39.06 46.37 32.63 39.70 42.71 0.05 4.77 
         
Table 4.6 Validation of the proposed probabilistic model using 19 case histories 
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Case No. H ( )hm computedδ  95% CI (δhm)FEM (δhm)FIELD ξexpected COVexpected 
(m.) (mm.) exp(λ+1.96ξ) exp(λ-1.96ξ) (mm.) (mm.) 
 
(%) 
22 2.0 5.82 7.21 4.64 8.18 6.15 0.03 3.10 
  6.2 20.44 25.32 16.30 20.29 10.77 0.32 33.24 
  10.3 40.98 50.77 32.67 37.84 15.39 0.50 52.87 
  13.6 62.55 77.49 49.86 54.54 43.08 0.19 18.87 
  16.8 91.31 113.11 72.78 71.38 58.46 0.22 22.71 
  19.4 105.19 130.31 83.85 83.21 67.69 0.22 22.44 
23 2.0 5.82 7.21 4.64 8.18 7.69 0.15 14.58 
  6.2 20.44 25.32 16.30 20.29 13.84 0.20 19.77 
  10.3 40.98 50.77 32.67 37.84 27.69 0.20 19.87 
  13.6 62.55 77.49 49.86 54.54 35.38 0.29 29.36 
  16.8 91.31 113.11 72.78 71.38 58.46 0.22 22.71 
  19.4 105.19 130.31 83.85 83.21 66.15 0.23 23.66 
24 4.7 6.00 7.30 4.88 3.10 4.43 0.15 15.28 
  6.9 8.30 10.10 6.74 7.92 7.75 0.03 3.21 
  9.7 11.87 14.45 9.65 10.94 14.39 0.10 10.10 
  12.5 15.32 18.65 12.46 15.49 17.71 0.08 7.66 
  15.5 18.58 22.61 15.10 19.68 36.53 0.35 35.85 
25 6.5 18.71 21.69 16.05 11.34 1.00 1.49 287.93 
  10.8 30.61 35.49 26.25 29.10 3.94 1.04 140.62 
  14.4 39.42 45.70 33.81 38.51 11.30 0.64 70.61 
  17.5 46.51 53.92 39.89 44.29 37.79 0.10 10.48 
  20.6 53.22 61.69 45.64 52.24 51.03 0.02 1.99 
26 4.2 7.25 8.77 5.94 5.53 3.71 0.34 34.93 
  7.8 13.73 16.60 11.25 13.15 7.42 0.31 31.93 
  11.4 20.43 24.70 16.73 19.08 18.54 0.05 4.70 
  14.5 24.93 30.14 20.42 24.43 27.19 0.05 4.69 
  17.3 27.37 33.09 22.42 32.61 40.78 0.21 20.81 
28 2.0 9.14 10.94 7.57 10.59 5.07 0.30 30.52 
  6.0 17.75 21.24 14.71 19.46 11.40 0.22 22.65 
  9.8 28.35 33.92 23.49 26.15 21.53 0.14 13.88 
  12.8 35.18 42.09 29.15 30.93 38.00 0.04 4.16 
  15.2 38.64 46.24 32.01 37.24 70.93 0.31 31.99 
 










In the serviceability RBD of deep excavation, maximum lateral wall deflection (δhm) and 
ground surface movement are normally required in the design. The serviceability design 
check of retaining wall is performed by comparing the values of δhm with the allowable 
limits in the design code. To assess the potential of building damage, both magnitude and 
profile of ground movement are required. However, the accurate prediction of δhm is 
required prior to the estimation of the magnitude and profile of ground movement behind 
the retaining wall. Presently, empirical method, semi-empirical method and numerical 
method are normally used to predict the value of excavation-induced ground movement. 
Osman & Bolton (2006) introduced a new analytical method which was developed based 
on the plastic deformation mechanism. The method can easily estimate the ground 
movement based on real stress-strain relationship of soil. In this study, the Mobilized 
Strength Design (MSD) method combined with Duncan-Chang Hyperbolic model is used 
to predict the values of ground movement, and the method was validated using field data. 
The effect of excavation width (B), excavation depth (H), strut spacing (h), depth of the 
hard stratum underneath the excavation base (T), wall stiffness (EwI) and soil properties 
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are investigated and compared with the results from FE analysis. Then, the results were 
used as a guideline for characterizing the model errors and uncertainties of the maximum 
lateral wall deflection predicted from MSD method. 
The following conclusions can be drawn based on the research study: 
1. The results of parametric study shows that, MSD method proposed by Osman & 
Bolton (2006) provides a reasonable prediction for both magnitude and pattern of 
wall deflection when: 
a. The width of the interested excavation case is wider than the wavelength (l = 
αs) used in the MSD calculation, 
b. The ratio between depth of the hard stratum underneath the excavation base 
(T) and the excavation width (B) or depth-to-width (T/B) ratio is larger than 
0.4, and 
c. The retaining wall is rigid 
In addition, the results from the parametric study and the study by Bolton (2008) 
claimed that, the soil properties have less contribution to the predicted ground 
movement using MSD method. Despite of these limitations, MSD method provides a 
fast, easy and reasonable prediction of excavation-induced ground movement in 
undrained excavation. 
2. Based on the database categorized as Group I and Group II, precision and accuracy of 
the predicted normalized maximum lateral wall deflections (δhm) from MSD method, 
the well-know empirical method proposed by Clough & O’Rourke (1990), and the 
KJHH model proposed by Kung et al. (2007) were compared in this study. The results 
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show that, the MSD method and KJHH model provide a reasonable prediction of 
maximum lateral wall deflection (δhm) compared with the field measurement. 
However, the MSD method seems to provide a better prediction of the case histories 
from Group II.  
 
3. The regression analysis using 39 field data suggests that, correction on the maximum 
lateral wall deflection (δhm) using the linear function method provides the most 
reasonable approach in order to define the model factor in this study. Using the values 
of predicted maximum lateral wall deflection [(δhm)MSD] as the predictor provides the 
highest values of R2 (90.1%). The model error found from the analysis has the mean 
value equal to 0 mm. and standard deviation equal to 11.27 mm. 
 
4. The probabilistic model calibrated using field data has few disadvantages. The model 
errors and uncertainties arising from various input parameters are difficult to quantify 
due to the limited number of field data. So, the FE method was used to generate the 
artificial data for characterizing the model uncertainty arising from various input 
parameters. Based on the artificial data, a series of model error or bias factor were 
proposed. Bias factor due to the prediction model (BFm) and bias factor due to the 
important parameters which were not included in the prediction model (BFo) were 





5. A comparison between BFm calculated from 39 field data and BFm estimated from the 
artificial data imply that, the histograms of BFm generated from both data are similar. 
The p-values from the Mann-Whitney test show that, the null hypothesis of equal 
medians cannot be rejected at 5% significance level. A higher COV of the BFm 
calculated from 39 field data was observed, which is equal to 24.9% (COV = 6.98% 
for the case of BFm quantified using artificial data) 
 
6. Model validation using the generated maximum lateral wall deflection [(δhm)FEM] of 
19 case studies show that, the proposed probabilistic model in this research is useful.  
Moreover, the proposed probabilistic model provides a closer prediction to the field 
data than the probabilistic model calibrated using only field data, since the effects of 
many input parameters were not included when using the latter model for prediction. 
Moreover, most of the (δhm)FEM of 19 case histories are fallen within 95% confident 
interval of the proposed probabilistic model. 
 
7. A higher value of COV (28.48%) is observed, when the proposed probabilistic model 
is used to estimate the real field maximum lateral wall deflection. The main reason of 







5.2 Recommendations for future research 
 
Future research may be conducted on the following aspects: 
1. In this research, the model errors and uncertainties of the predicted maximum lateral 
wall deflection using MSD method proposed by Osman & Bolton (2006) were 
characterized. However, the MSD method is on-going development, which the 
precision and accuracy of the method are improving. Lam (2010) refined the previous 
MSD method by incorporating more important parameters into the MSD calculation. 
So, the model errors and uncertainties of this developed MSD method should also be 
quantified, since the method is found to be very useful for the retaining wall design. 
 
2. The completed uncertainty analysis for every components of excavation-induced 
ground movement should be conducted. This include, excavation-based heave, 
ground settlement and lateral ground movement behind the retaining wall, which all 
of these ground movement components can be estimated from the MSD method. 
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APPENDIX A 
SUMMARY OF THE HYPOTHYTICAL CASES 
 
The parameters that are believed to influence the accuracy of predicted maximum lateral 
wall deflection defined in the parametric study are included in the FE analysis for 
generating artificial data. Figure A1 shows the general geometry of the hypothetical cases 
conducted in this study. 
  










For the analysis of these hypothetical cases, the strut is assumed to have an axial 
stiffness EA = 2,000 MN/m. A plane-strain FE model was used in the analysis. Only half 
of the excavation has been simulated due to the symmetry. The soil was modeled with 
Hardening Soil model and the wall was assumed to behave linear elastically. Young’s 
modulus of soil was calculated as explained in Section 3.4, and the values of Rf = 0.99, 
νur = 0.20 and m = 1.0. In this study, the excavation sequence was established as shown 
in Figure A2. The wall is assumed to be fixed at the top after the first stage of excavation 
(Cantilever). Then, the wall in the following stage of the excavation will be propped in 
the subsequence stage.  
 












The excavation stage in FE analysis 
was simulated similar to the calculation 
step in MSD method as follow: 
1. Excavate the soil to depth H1, 
2. Install strut at the top of the 
wall, 
3. Install 2nd strut at h = H1 and 
excavate the soil to the depth 
H2 = 2H1. Then, the step was 
repeated until the final stage 
has reached. 
In total, 352 hypothetical cases were used to generate artificial data for 
quantifying the model uncertainty in Chapter 4. All parameters used for generating 
artificial data are summarized in the following table; 







H of subsequent stage  
(m.) 





1 20 1 0.20 1,460 1 12 100 100 
2 25 1 0.20 1,460 1 12 100 100 
3 30 1 0.20 1,460 1 12 100 100 
4 20 2 0.20 1,460 2 6 100 100 
5 25 2 0.20 1,460 2 6 100 100 
6 30 2 0.20 1,460 2 6 100 100 
7 20 3 0.20 1,460 3 4 100 100 
8 25 3 0.20 1,460 3 4 100 100 
9 30 3 0.20 1,460 3 4 100 100 
10 20 1 0.25 1,460 1 12 100 100 
11 25 1 0.25 1,460 1 12 100 100 
12 30 1 0.25 1,460 1 12 100 100 
13 20 2 0.25 1,460 2 6 100 100 
14 25 2 0.25 1,460 2 6 100 100 
15 30 2 0.25 1,460 2 6 100 100 
16 20 3 0.25 1,460 3 4 100 100 
17 25 3 0.25 1,460 3 4 100 100 
18 30 3 0.25 1,460 3 4 100 100 
19 20 1 0.30 1,460 1 12 100 100 
20 25 1 0.30 1,460 1 12 100 100 
21 30 1 0.30 1,460 1 12 100 100 
22 20 2 0.30 1,460 2 6 100 100 
23 25 2 0.30 1,460 2 6 100 100 
24 30 2 0.30 1,460 2 6 100 100 
25 20 3 0.30 1,460 3 4 100 100 
26 25 3 0.30 1,460 3 4 100 100 
27 30 3 0.30 1,460 3 4 100 100 
28 20 1 0.33 1,460 1 12 100 100 
29 25 1 0.33 1,460 1 12 100 100 
30 30 1 0.33 1,460 1 12 100 100 
31 20 2 0.33 1,460 2 6 100 100 







H of subsequent stage  
(m.) 





33 30 2 0.33 1,460 2 6 100 100 
34 20 3 0.33 1,460 3 4 100 100 
35 25 3 0.33 1,460 3 4 100 100 
36 30 3 0.33 1,460 3 4 100 100 
37 20 1 0.38 1,460 1 12 100 100 
38 25 1 0.38 1,460 1 12 100 100 
39 30 1 0.38 1,460 1 12 100 100 
40 20 2 0.38 1,460 2 6 100 100 
41 25 2 0.38 1,460 2 6 100 100 
42 30 2 0.38 1,460 2 6 100 100 
43 20 3 0.38 1,460 3 4 100 100 
44 25 3 0.38 1,460 3 4 100 100 
45 30 3 0.38 1,460 3 4 100 100 
46 20 1 0.40 1,460 1 12 100 100 
47 25 1 0.40 1,460 1 12 100 100 
48 30 1 0.40 1,460 1 12 100 100 
49 20 2 0.40 1,460 2 6 100 100 
50 25 2 0.40 1,460 2 6 100 100 
51 30 2 0.40 1,460 2 6 100 100 
52 20 3 0.40 1,460 3 4 100 100 
53 25 3 0.40 1,460 3 4 100 100 
54 30 3 0.40 1,460 3 4 100 100 
55 20 1 0.20 80.5 1 12 100 100 
56 25 1 0.20 80.5 1 12 100 100 
57 30 1 0.20 80.5 1 12 100 100 
58 20 2 0.20 80.5 2 6 100 100 
59 25 2 0.20 80.5 2 6 100 100 
60 30 2 0.20 80.5 2 6 100 100 
61 20 3 0.20 80.5 3 4 100 100 
62 25 3 0.20 80.5 3 4 100 100 
63 30 3 0.25 80.5 3 4 100 100 
64 20 1 0.25 80.5 1 12 100 100 
65 25 1 0.25 80.5 1 12 100 100 
66 30 1 0.25 80.5 1 12 100 100 
67 20 2 0.25 80.5 2 6 100 100 
68 25 2 0.25 80.5 2 6 100 100 
69 30 2 0.25 80.5 2 6 100 100 
70 20 3 0.25 80.5 3 4 100 100 
71 25 3 0.25 80.5 3 4 100 100 
72 30 3 0.25 80.5 3 4 100 100 







H of subsequent stage  
(m.) 





74 25 1 0.30 80.5 1 12 100 100 
75 30 1 0.30 80.5 1 12 100 100 
76 20 2 0.30 80.5 2 6 100 100 
77 25 2 0.30 80.5 2 6 100 100 
78 30 2 0.30 80.5 2 6 100 100 
79 20 3 0.30 80.5 3 4 100 100 
80 25 3 0.30 80.5 3 4 100 100 
81 30 3 0.30 80.5 3 4 100 100 
82 20 1 0.33 80.5 1 12 100 100 
83 25 1 0.33 80.5 1 12 100 100 
84 30 1 0.33 80.5 1 12 100 100 
85 20 2 0.33 80.5 2 6 100 100 
86 25 2 0.33 80.5 2 6 100 100 
87 30 2 0.33 80.5 2 6 100 100 
88 20 3 0.33 80.5 3 4 100 100 
89 25 3 0.33 80.5 3 4 100 100 
90 30 3 0.33 80.5 3 4 100 100 
91 20 1 0.38 80.5 1 12 100 100 
92 25 1 0.38 80.5 1 12 100 100 
93 30 1 0.38 80.5 1 12 100 100 
94 20 2 0.38 80.5 2 6 100 100 
95 25 2 0.38 80.5 2 6 100 100 
96 30 2 0.38 80.5 2 6 100 100 
97 20 3 0.38 80.5 3 4 100 100 
98 25 3 0.38 80.5 3 4 100 100 
99 30 3 0.38 80.5 3 4 100 100 
100 20 1 0.40 80.5 1 12 100 100 
101 25 1 0.40 80.5 1 12 100 100 
102 30 1 0.40 80.5 1 12 100 100 
103 20 2 0.40 80.5 2 6 100 100 
104 25 2 0.40 80.5 2 6 100 100 
105 30 2 0.40 80.5 2 6 100 100 
106 20 3 0.40 80.5 3 4 100 100 
107 25 3 0.40 80.5 3 4 100 100 
108 30 3 0.40 80.5 3 4 100 100 
109 20 1 0.20 24.2 1 12 100 100 
110 25 1 0.20 24.2 1 12 100 100 
111 30 1 0.20 24.2 1 12 100 100 
112 20 2 0.20 24.2 2 6 100 100 
113 25 2 0.20 24.2 2 6 100 100 







H of subsequent stage  
(m.) 





115 20 3 0.20 24.2 3 4 100 100 
116 25 3 0.20 24.2 3 4 100 100 
117 30 3 0.25 24.2 3 4 100 100 
118 20 1 0.25 24.2 1 12 100 100 
119 25 1 0.25 24.2 1 12 100 100 
120 30 1 0.25 24.2 1 12 100 100 
121 20 2 0.25 24.2 2 6 100 100 
122 25 2 0.25 24.2 2 6 100 100 
123 30 2 0.25 24.2 2 6 100 100 
124 20 3 0.25 24.2 3 4 100 100 
125 25 3 0.25 24.2 3 4 100 100 
126 30 3 0.25 24.2 3 4 100 100 
127 20 1 0.30 24.2 1 12 100 100 
128 25 1 0.30 24.2 1 12 100 100 
129 30 1 0.30 24.2 1 12 100 100 
130 20 2 0.30 24.2 2 6 100 100 
131 25 2 0.30 24.2 2 6 100 100 
132 30 2 0.30 24.2 2 6 100 100 
133 20 3 0.30 24.2 3 4 100 100 
134 25 3 0.30 24.2 3 4 100 100 
135 30 3 0.30 24.2 3 4 100 100 
136 20 1 0.33 24.2 1 12 100 100 
137 25 1 0.33 24.2 1 12 100 100 
138 30 1 0.33 24.2 1 12 100 100 
139 20 2 0.33 24.2 2 6 100 100 
140 25 2 0.33 24.2 2 6 100 100 
141 30 2 0.33 24.2 2 6 100 100 
142 20 3 0.33 24.2 3 4 100 100 
143 25 3 0.33 24.2 3 4 100 100 
144 30 3 0.33 24.2 3 4 100 100 
145 20 1 0.38 24.2 1 12 100 100 
146 25 1 0.38 24.2 1 12 100 100 
147 30 1 0.38 24.2 1 12 100 100 
148 20 2 0.38 24.2 2 6 100 100 
149 25 2 0.38 24.2 2 6 100 100 
150 30 2 0.38 24.2 2 6 100 100 
151 20 3 0.38 24.2 3 4 100 100 
152 25 3 0.38 24.2 3 4 100 100 
153 30 3 0.38 24.2 3 4 100 100 
154 20 1 0.40 24.2 1 12 100 100 







H of subsequent stage  
(m.) 





156 30 1 0.40 24.2 1 12 100 100 
157 20 2 0.40 24.2 2 6 100 100 
158 25 2 0.40 24.2 2 6 100 100 
159 30 2 0.40 24.2 2 6 100 100 
160 20 3 0.40 24.2 3 4 100 100 
161 25 3 0.40 24.2 3 4 100 100 
162 30 3 0.40 24.2 3 4 100 100 
163 20 1 0.20 1,460 1 12 100 80 
164 25 1 0.20 1,460 1 12 100 80 
165 30 1 0.20 1,460 1 12 100 80 
166 20 2 0.20 1,460 2 6 100 80 
167 25 2 0.20 1,460 2 6 100 80 
168 30 2 0.20 1,460 2 6 100 80 
169 20 3 0.20 1,460 3 4 100 80 
170 25 3 0.20 1,460 3 4 100 80 
171 30 3 0.20 1,460 3 4 100 80 
172 20 1 0.30 1,460 1 12 100 80 
173 25 1 0.30 1,460 1 12 100 80 
174 30 1 0.30 1,460 1 12 100 80 
175 20 2 0.30 1,460 2 6 100 80 
176 25 2 0.30 1,460 2 6 100 80 
177 30 2 0.30 1,460 2 6 100 80 
178 20 3 0.30 1,460 3 4 100 80 
179 25 3 0.30 1,460 3 4 100 80 
180 30 3 0.30 1,460 3 4 100 80 
181 20 1 0.40 1,460 1 12 100 80 
182 25 1 0.40 1,460 1 12 100 80 
183 30 1 0.40 1,460 1 12 100 80 
184 20 2 0.40 1,460 2 6 100 80 
185 25 2 0.40 1,460 2 6 100 80 
186 30 2 0.40 1,460 2 6 100 80 
187 20 3 0.40 1,460 3 4 100 80 
188 25 3 0.40 1,460 3 4 100 80 
189 30 3 0.40 1,460 3 4 100 80 
190 20 1 0.20 1,460 1 12 100 50 
191 25 1 0.20 1,460 1 12 100 50 
192 30 1 0.20 1,460 1 12 100 50 
193 20 2 0.20 1,460 2 6 100 50 
194 25 2 0.20 1,460 2 6 100 50 
195 30 2 0.20 1,460 2 6 100 50 







H of subsequent stage  
(m.) 





197 25 3 0.20 1,460 3 4 100 50 
198 30 3 0.20 1,460 3 4 100 50 
199 20 1 0.30 1,460 1 12 100 50 
200 25 1 0.30 1,460 1 12 100 50 
201 30 1 0.30 1,460 1 12 100 50 
202 20 2 0.30 1,460 2 6 100 50 
203 25 2 0.30 1,460 2 6 100 50 
204 30 2 0.30 1,460 2 6 100 50 
205 20 3 0.30 1,460 3 4 100 50 
206 25 3 0.30 1,460 3 4 100 50 
207 30 3 0.30 1,460 3 4 100 50 
208 20 1 0.40 1,460 1 12 100 50 
209 25 1 0.40 1,460 1 12 100 50 
210 30 1 0.40 1,460 1 12 100 50 
211 20 2 0.40 1,460 2 6 100 50 
212 25 2 0.40 1,460 2 6 100 50 
213 30 2 0.40 1,460 2 6 100 50 
214 20 3 0.40 1,460 3 4 100 50 
215 25 3 0.40 1,460 3 4 100 50 
216 30 3 0.40 1,460 3 4 100 50 
217 20 1 0.20 1,460 1 12 100 20 
218 25 1 0.20 1,460 1 12 100 20 
219 30 1 0.20 1,460 1 12 100 20 
220 20 2 0.20 1,460 2 6 100 20 
221 25 2 0.20 1,460 2 6 100 20 
222 30 2 0.20 1,460 2 6 100 20 
223 20 3 0.20 1,460 3 4 100 20 
224 25 3 0.20 1,460 3 4 100 20 
225 30 3 0.20 1,460 3 4 100 20 
226 20 1 0.30 1,460 1 12 100 20 
227 25 1 0.30 1,460 1 12 100 20 
228 30 1 0.30 1,460 1 12 100 20 
229 20 2 0.30 1,460 2 6 100 20 
230 25 2 0.30 1,460 2 6 100 20 
231 30 2 0.30 1,460 2 6 100 20 
232 20 3 0.30 1,460 3 4 100 20 
233 25 3 0.30 1,460 3 4 100 20 
234 30 3 0.30 1,460 3 4 100 20 
235 20 1 0.40 1,460 1 12 100 20 
236 25 1 0.40 1,460 1 12 100 20 







H of subsequent stage  
(m.) 





238 20 2 0.40 1,460 2 6 100 20 
239 25 2 0.40 1,460 2 6 100 20 
240 30 2 0.40 1,460 2 6 100 20 
241 20 3 0.40 1,460 3 4 100 20 
242 25 3 0.40 1,460 3 4 100 20 
243 30 3 0.40 1,460 3 4 100 20 
244 20 1 0.20 1,460 1 12 55 100 
245 25 1 0.20 1,460 1 12 55 100 
246 30 1 0.20 1,460 1 12 55 100 
247 20 2 0.20 1,460 2 6 55 100 
248 25 2 0.20 1,460 2 6 55 100 
249 30 2 0.20 1,460 2 6 55 100 
250 20 3 0.20 1,460 3 4 55 100 
251 25 3 0.20 1,460 3 4 55 100 
252 30 3 0.20 1,460 3 4 55 100 
253 20 1 0.20 1,460 1 12 45 100 
254 25 1 0.20 1,460 1 12 45 100 
255 30 1 0.20 1,460 1 12 45 100 
256 20 2 0.20 1,460 2 6 45 100 
257 25 2 0.20 1,460 2 6 45 100 
258 30 2 0.20 1,460 2 6 45 100 
259 20 3 0.20 1,460 3 4 45 100 
260 25 3 0.20 1,460 3 4 45 100 
261 30 3 0.20 1,460 3 4 45 100 
262 20 1 0.20 1,460 1 12 35 100 
263 25 1 0.20 1,460 1 12 35 100 
264 30 1 0.20 1,460 1 12 35 100 
265 20 2 0.20 1,460 2 6 35 100 
266 25 2 0.20 1,460 2 6 35 100 
267 30 2 0.20 1,460 2 6 35 100 
268 20 3 0.20 1,460 3 4 35 100 
269 25 3 0.20 1,460 3 4 35 100 
270 30 3 0.20 1,460 3 4 35 100 
271 20 1 0.20 1,460 1 12 25 100 
272 25 1 0.20 1,460 1 12 25 100 
273 30 1 0.20 1,460 1 12 25 100 
274 20 2 0.20 1,460 2 6 25 100 
275 25 2 0.20 1,460 2 6 25 100 
276 30 2 0.20 1,460 2 6 25 100 
277 20 3 0.20 1,460 3 4 25 100 







H of subsequent stage  
(m.) 





279 30 3 0.20 1,460 3 4 25 100 
280 20 1 0.30 1,460 1 12 55 100 
281 25 1 0.30 1,460 1 12 55 100 
282 30 1 0.30 1,460 1 12 55 100 
283 20 2 0.30 1,460 2 6 55 100 
284 25 2 0.30 1,460 2 6 55 100 
285 30 2 0.30 1,460 2 6 55 100 
286 20 3 0.30 1,460 3 4 55 100 
287 25 3 0.30 1,460 3 4 55 100 
288 30 3 0.30 1,460 3 4 55 100 
289 20 1 0.30 1,460 1 12 45 100 
290 25 1 0.30 1,460 1 12 45 100 
291 30 1 0.30 1,460 1 12 45 100 
292 20 2 0.30 1,460 2 6 45 100 
293 25 2 0.30 1,460 2 6 45 100 
294 30 2 0.30 1,460 2 6 45 100 
295 20 3 0.30 1,460 3 4 45 100 
296 25 3 0.30 1,460 3 4 45 100 
297 30 3 0.30 1,460 3 4 45 100 
298 20 1 0.30 1,460 1 12 35 100 
299 25 1 0.30 1,460 1 12 35 100 
300 30 1 0.30 1,460 1 12 35 100 
301 20 2 0.30 1,460 2 6 35 100 
301 25 2 0.30 1,460 2 6 35 100 
303 30 2 0.30 1,460 2 6 35 100 
304 20 3 0.30 1,460 3 4 35 100 
305 25 3 0.30 1,460 3 4 35 100 
306 30 3 0.30 1,460 3 4 35 100 
307 20 1 0.30 1,460 1 12 25 100 
308 25 1 0.30 1,460 1 12 25 100 
309 30 1 0.30 1,460 1 12 25 100 
310 20 2 0.30 1,460 2 6 25 100 
311 25 2 0.30 1,460 2 6 25 100 
312 30 2 0.30 1,460 2 6 25 100 
313 20 3 0.30 1,460 3 4 25 100 
314 25 3 0.30 1,460 3 4 25 100 
315 30 3 0.30 1,460 3 4 25 100 
316 20 1 0.40 1,460 1 12 55 100 
317 25 1 0.40 1,460 1 12 55 100 
318 30 1 0.40 1,460 1 12 55 100 







H of subsequent stage  
(m.) 





320 25 2 0.40 1,460 2 6 55 100 
321 30 2 0.40 1,460 2 6 55 100 
322 20 3 0.40 1,460 3 4 55 100 
323 25 3 0.40 1,460 3 4 55 100 
324 30 3 0.40 1,460 3 4 55 100 
325 20 1 0.40 1,460 1 12 45 100 
327 25 1 0.40 1,460 1 12 45 100 
328 30 1 0.40 1,460 1 12 45 100 
329 20 2 0.40 1,460 2 6 45 100 
330 25 2 0.40 1,460 2 6 45 100 
331 30 2 0.40 1,460 2 6 45 100 
332 20 3 0.40 1,460 3 4 45 100 
333 25 3 0.40 1,460 3 4 45 100 
334 30 3 0.40 1,460 3 4 45 100 
335 20 1 0.40 1,460 1 12 35 100 
336 25 1 0.40 1,460 1 12 35 100 
337 30 1 0.40 1,460 1 12 35 100 
338 20 2 0.40 1,460 2 6 35 100 
339 25 2 0.40 1,460 2 6 35 100 
340 30 2 0.40 1,460 2 6 35 100 
341 20 3 0.40 1,460 3 4 35 100 
342 25 3 0.40 1,460 3 4 35 100 
343 30 3 0.40 1,460 3 4 35 100 
344 20 1 0.40 1,460 1 12 25 100 
345 25 1 0.40 1,460 1 12 25 100 
346 30 1 0.40 1,460 1 12 25 100 
347 20 2 0.40 1,460 2 6 25 100 
348 25 2 0.40 1,460 2 6 25 100 
349 30 2 0.40 1,460 2 6 25 100 
350 20 3 0.40 1,460 3 4 25 100 
351 25 3 0.40 1,460 3 4 25 100 
352 30 3 0.40 1,460 3 4 25 100 
 
